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^itle: Gene therapy for hepatocellular carcinoma using two recombinant 
adenovirus vectors with alpha- fetoprotein promoter and Cre/ lox P 
system (ABSTRACT AVAILABLE) 
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ISSN: 0166-0934 Publication date: 20010300 

Publisher: ELSEVIER SCIENCE BV, PO BOX 211, 1000 AE AMSTERDAM, NETHERLANDS 
Language: English Document Type: ARTICLE 

Abstract: Tissue-specific promoter has been used for cancer-specific 

suicide gene therapy, but its transcriptional activity is relatively 
low. For more efficient gene therapy of hepatocellular carcinoma, a 
simultaneous infection method of two recombinant adenoviruses was 
developed, in which one carried Cre gene under the control of 
a-fetoprotein promoter and the other a potent expression unit activated 
by Cre. When the vectors with lacZ reporter gene were introduced 
systematically into mouse models of disseminated tumors, specific and 
enhanced gene expression was observed exclusively in hepatocellular 
carcinomas both in the liver and in the lung. Next, using herpes 
simplex virus thymidine kinase, the anti-tumor effect was examined. 
Although in cultured cells, 60-300-fold expression of enzymatic 
activity and enhanced ganciclovir sensitivity was obtained compared 
with that of the single recombinant adenovirus directly driven by 
a-fetoprotein promoter, there was no significant anti-tumor effect for 
subcutaneous tumor on athymic mice. The lack of anti-tumor effect in 
mice could be explained by insufficient simultaneous transduction of 
the two vectors in the tumors, since it was found that a high 
multiplicity of infection was required to activate this system. Some 
strategies to overcome this dose limitation are needed, at least in the 
case of hepatocellular carcinoma. (C) 2001 Elsevier Science B.V. All 
rights reserved. 



Medicine, St. Louis, Missouri 63110, USA. 

Journal of neurosurgery (UNITED STATES) Jan 1998, 88 (1) p99-105, 

ISSN 0022-3085 Journal Code: JD3 

Contract/Grant No.: NS29477, NS, NINDS j fc 

Languages: ENGLISH yfy\ :(~ ' jjbttjs fa > 

Document type: JOURNAL ARTICLE * " / 

OBJECT: Genes known to be involved in the regulation of apoptosis include 
members of the bcl-2 gene family, such as inhibitors of apoptosis (bcl-2 
and bcl-xl) and promoters of apoptosis (bax) . The authors investigated a 
potential approach for the treatment of malignant gliomas by using a gene 
transfection technique to manipulate the level of an intracellular protein 
involved in the control of apoptosis. METHODS: The authors trans fected the 
murine bax gene, which had been cloned into a mammalian expression vector, 
into the C6 rat glioma cell line. Overexpression of the bax gene resulted 
in a decreased growth rate (average doubling time of 32.96 hours compared 
with 22.49 hours for untransf ected C6, and 23.11 hours for clones 
transfected with pcDNA3 only), which may be caused, in part, by an 
increased rate of spontaneous apoptosis (0.77 +/- 0.15% compared with 0.42 
+/- 0.08% for the vector-only transfected C6 cell line; p = 0.038, 
two-tailed Student's t-test) . Treatment with 1 microM cytosine arabinoside 
(ara-C) resulted in significantly more cells undergoing apoptosis in the 
cell line overexpressing bax than in the vector -only control cell line 
(23.57 +/- 2.6% compared with 5.3 +/- 0.7% terminal deoxynucleotidyl 
trans ferase-mediated biotinylated-deoxyuridine triphosphate nick-end 
labeling technique-positive cells; p = 0.007). Furthermore, measurements of 
growth curves obtained immediately after treatment with 0.5 microM ara-C 
demonstrated a prolonged growth arrest of at least 6 days in the cell line 
overexpressing bax. CONCLUSIONS: These results can be used collectively to 
argue that overexpression of bax results in increased sensitivity of C6 
cells to ara-C and that increasing bax expression may be a useful strategy, 
in general, for increasing the sensitivity of gliomas to antineoplastic 
treatments . 




Apoptosis: pathophysiology of programmed cell death. 

Bosman FT; Visser BC; van Oeveren J 

Department of Pathology, Erasmus University Rotterdam, The Netherlands. 
Pathology, research and practice (GERMANY) Jul 1996, 192 (7) p676-83, 
ISSN 0344-0338 Journal Code: PBZ 
Languages: ENGLISH 

Document type: JOURNAL ARTICLE; REVIEW; REVI Cell death and cancer: replacement of apopt 
death suppressor genes in therapy. 

Favrot M; Coll JL; Louis N; Negoescu A 

Lung Cancer Research Group, Institut Albert Bonniot, Faculte de Medecine, 
Universite Joseph Fourier, Grenoble, France. 

Gene therapy (ENGLAND) Jun 1998, 5 (6) p728-39, ISSN 0969-7128 
Journal Code: CCE 
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The E1B 19K protein blocks apoptosis by interacting with and inhibiting 
the p5 3 -inducible and death -promo ting Bax protein. 

Han J; Sabbatini P; Perez D; Rao L; Modha D; White E 

Center for Advanced Biotechnology and Medicine, Rutgers University, 
Piscataway, New Jersey 08854 USA. 

Genes & development (UNITED STATES) Feb 15 1996, 10 (4) p461-77, 
ISSN 0890-9369 Journal Code: FN3 

Contract/Grant No.: CA53370, CA, NCI; CA60088, CA, NC 

Languages : ENGLISH 

Document type: JOURNAL ARTICLE 

The E1B 19K protein is a potent apoptosis inhibitor and the putative 
adenovirus Bcl-2 homolog. To investigate the mechanism of apoptosis 
regulation, 19K-interacting cellular proteins were identified using the 
yeast two-hybrid system, and Bax was one of seven 19-K interacting 
clones. Residues 50-78 of Bax containing a conserved region designated 
Bcl-2 homology region 3 (BH3) were sufficient for specific binding to both 
the E1B 19K and Bcl-2 proteins. The Bax -E1B 19K interaction was 
detectable in vitro and in lysates from mammalian cells, and Bax 
expression antagonized E1B 19K protein function, bax mRNA and protein 
levels were p53-inducible with kinetics identical to that of 
p21/Waf-l/Cip-l, and E1B 19K and Bcl-2 expression did not affect Bax or 
p21/Waf-l/Cip-l accumulation. In cells where p53 was mutant, Bax 
expression induced apoptosis, suggesting that Bax was sufficient for 
apoptosis, and acted downstream of p53. p53 may simultaneously activate the 
transcription of genes required for both growth arrest (p21/Waf-l/Cip-l ) 
and death ( bax ) / and E1B 19K and Bcl-2 may act distally and function 
through interaction with and* antagonism of Bax to prevent apoptosis. With 
the death pathway disabled, induction of growth arrest by p53 can then be 
manifested. 

Overexpression of Bax gene sensitizes K562 erythroleukemia cells to 
apoptosis induced by selective chemo therapeutic agents. 

Kobayashi T; Ruan S; Clodi K; Kliche KO; Shiku H; Andreeff M; Zhang W 
Department of Neuro-Oncology, The University of Texas M.D. Anderson 

Cancer Center, Houston 77030, USA. A 
Oncogene (ENGLAND) Mar 26 1998, 16 (12) pl587-91, ISSN 0950-9232 ^ 

Journal Code: ONC 

Contract/Grant No.: CA55164, CA, NCI; CA57639, CA, NCI; CA16672, CA, NCI 

Languages : ENGLISH 

Document type: JOURNAL ARTICLE 

Bax and Bcl-2 are a pair of important genes that control programmed cell 
death, or apoptosis, with Bax being the apoptosis promoter and Bcl-2 the 
apoptosis protector. Although the detailed mechanism is unknown, the 
protein products of these two genes form protein dimers with each other and 
the relative ratio of the two proteins is believed to be a determinant of 
the balance between life and death. In our preliminary study, we found that 
K562 erythroleukemia cells have an extremely low level of endogenous Bcl-2 
expression and a fairly high level of endogenous Bax expression. We 
constructed Bax and Bcl-2 expression vectors and trans fected them into 
K562 cells. We found that transfection of Bax vector increased the 
expression of Bax protein; a shortened form of Bax also appeared. Cell 
death analysis using the Annexin V assay showed that the Bax vector 
caused significantly more apoptotic cells that the Bcl-2 or pCI-neo vector 
did. After selection with G418, Bax, Bcl-2 and pCI-neo stably transfected 
cells were established. These three cell lines were examined for their 
response to the chemotherapeutic agents ara-C, doxorubicin, etoposide and 
SN-38. Bax-K562 cells showed significantly higher fractions of apoptotic 
cells than pCI-neo-K562 cells when treated with ara-C, doxorubicin or 
SN-38. No sensitization .effect was seen when etoposide was used. In 
contrast, Bcl-2-K562 cells had fewer apoptotic cells than pCI-neo-K562 
cells after treatment with all these agents. Therefore, Bax may sensitize 
K562 cells to apoptosis induced by a wide range of, but not all,, 
chemotherapeutic agents. 

Transfection of C6 glioma cells with the bax gene and increased 
sensitivity to treatment with cytosine arabinoside. 

Vogelbaum MA; Tong JX; Higashikubo R; Gutmann DH; Rich KM 

Department of Neurological Surgery, Washington University School of 



The E1B 19K protein blocks apoptosis by 
interacting with and inhibiting the p53- 
inducible and death-promoting Bax protein 



Jeonghoon Han, 1 Petei Sabbatini, 1 Denise Perez/ Lakshmi Rao/ Digant Modha, 1 
and Eileen White 12 - 3 

Center for Advanced Biotechnology and Medicine and department of Biological Sciences and the Cancer Institute of New 
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The E1B 19K protein is a potent apoptosis inhibitor and the putative adenovirus Bcl-2 homolog. To investigate 
the mechanism of apoptosis regulation, 19K-interacting cellular proteins were identified using the yeast 
two-hybrid system, and Bax was one of seven 19K-interacting clones. Residues 50-78 of Bax containing a 
conserved region designated Bcl-2 homology region 3 (BH3) were sufficient for specific binding to both the 
E1B 19K and Bcl-2 proteins. The Bax-EIB 19K interaction was detectable in vitro and in lysates from 
mammalian cells, and Bax expression antagonized E1B 19K protein function, bax mRNA and protein levels 
were p53-inducible with kinetics identical to that of p21/Waf-l/Cip-l, and E1B 19K and Bcl-2 expression did 
not affect Bax or p21/Waf-l/Cip-l accumulation. In cells where p53 was mutant, Bax expression induced 
apoptosis, suggesting that Bax was sufficient for apoptosis, and acted downstream of p53. p53 may 
simultaneously activate the transcription of genes required for both growth arrest {p21/Waf~l/Cip-l) and death 
[box), and E1B 19K and Bcl-2 may act distally and function through interaction with and antagonism of Bax to 
prevent apoptosis. With the death pathway disabled, induction of growth arrest by p53 can then be 
manifested. 

[Key Words: Apoptosis; Bcl-2 ; E1B19K; p53 ; Bax ; cell death] 
Received October 12, 1995; accepted in revised form December 18, 1995. 



Expression of the adenovirus 1 El A gene stimulates host 
cell DNA synthesis, which creates a suitable environ- 
ment for viral DNA replication (Moran 1993). The in- 
duction of DNA synthesis by El A, however, cosegre- 
gates with the induction of apoptosis (White et al. 1991; 
Mymryk et al. 1994; Teodoro et al. 1995), which is re- 
sponsible for impairing virus production (White 1994, 
1995). The ability of El A to induce apoptosis in rodent 
cells is p53-dependent. El A expression causes p53 accu- 
mulation by increasing the half-life of p53 protein (Lowe 
and Ruley 1993; Chiou et al. 1994b), E1A transforms p53 
- / - but not p53 + / + mouse embryo fibroblasts (Lowe 
et al. 1994), and dominant-interfering mutant forms of 
p53 block the induction of apoptosis by El A (Debbas and 
White 1993). Furthermore, BRK cells transformed by 
E1A and the temperature-sensitive p53(va!135) [tsp53- 
(vall35)j proliferate at the restrictive temperature when 
p53 is predominantly in the mutant conformation and 
undergo apoptosis at the permissive temperature when 
p53 is predominantly wild type (Debbas and White 1993; 
Chiou et al. 1994a ; Lin et al. 1995; Sabbatini et al. 
1995b). Thus, functional p53 is required for El A-induced 
apoptosis. 

Corresponding author. 



p53 is the most commonly mutated gene in human 
tumors (Hollstein et al. 1991; Vogelstein 1990) and en- 
codes a transcription factor capable of both repression 
and trans-activation (Prives 1994). It is clear that p53 has 
a role in the induction of growth arrest through the 
trans-activation of the p21/Waf-l/Cip-l gene, the prod- 
uct of which inhibits cell cycle-dependent kinases (El- 
Deiry et al. 1993; Harper et aL 1993; Xiong et al. 1993; 
Noda et al. 1994) which may contribute to the tumor 
suppression activity of p53. 

Another mechanism by which p53 could act as a tu- 
mor suppressor is realized with the observation that in 
some circumstances p53 does not induce growth arrest 
but, rather, cell death through apoptosis (Yonish-Rouach 
et al. 1991). Thus, p53 can function as a tumor suppres- 
sor by inducing either growth arrest or cell death, de- 
pending on the physiological circumstances. p53 may be 
a cellular surveillance factor that responds to DNA dam- 
age or the deregulation of cell growth control, as is the 
case with El A. p53 may thereby play an important role 
in triggering cell death as a means of eliminating virus- 
infected or transformed cells. 

How p53 implements the apoptotic program is still 
not clear and may differ with varying physiological cir- 
cumstances. In BRK cells transformed by El A and the 
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tsp53(vall35), the activity of p53 as a transcription factor 
is required for apoptosis. Inactivating mutations in the 
transcriptional activation domain of p53 prevent induc- 
tion of apoptosis when p53 assumes the wild-type con- 
formation (Sabbatini et al. 1995b). In this setting p53 
may activate the transcription of death genes or repress 
the transcription of survival genes to promote apoptosis. 

To prevent the detrimental ElA-induced, p53-depen- 
dent apoptosis, the adenovirus-encoded ElB gene pro- 
duces two different gene products, ElB 55K and ElB 19K, 
to disable p53 function. Although it is clear that ElB 55K 
blocks the function of p53 by complexing with and in- 
hibiting transcriptional activity of p53 (Samow et al. 
1982; Yew and Berk 1992), the mechanism by which ElB 
19K inhibits p53-mediated apoptosis has not been deter- 
mined. However, the ElB 19K protein does share func- 
tional and structural homology with Bcl-2, suggesting 
that the two proteins may act by similar mechanisms to 
inhibit apoptosis (Rao et al. 1992; Boyd et al. 1994; 
Chiou et al. 1994b). 

The ElB 19K and Bcl-2 proteins are functionally inter- 
changeable in a variety of different settings. Bcl-2, for 
example, will substitute for the ElB 19K protein and will 
cooperate with El A to transform rodent cells (Rao et al. 
1992). Both the ElB 19K and Bcl-2 proteins block apop- 
tosis induced by p53 (Chiou et al. 1994a ; Lin et al 1995; 
Sabbatini et al. 1995a), and Bcl-2 will functionally sub- 
stitute for the ElB 19K protein during adenovirus infec- 
tion of human cells (Tarodi et al. 1993; Chiou et al. 
1994b). However, the ElB 19K protein is more effective 
at inhibiting apoptosis mediated by tumor necrosis fac- 
tor a (TNF-a) and Fas antigen (Gooding et al. 1991 ; Hash- 
imoto et al 1991; White et al. 1992). Thus, the ElB 19K 
protein is an apoptosis inhibitor and is functionally very 
similar to Bcl-2, suggesting that the 19K protein may be 
a member of the Bcl-2 family of apoptosis regulators 
(Chiou et al. 1994b). 

The ElB 19K protein shares limited sequence homol- 
ogy with other members of the Bcl-2 family. The highly 
conserved central region of the ElB 19K protein has been 
defined by mutational analysis to be important in trans- 
formation and regulation of apoptosis (White et al. 1992; 
Chiou et al. 1994b). A comparison of the amino acid 
sequence of Bcl-2 and ElB 19K proteins has indicated 
amino acid sequence homology in the region of 19K 
known to be important for structure and function, par- 
ticularly within Bcl-2 homology region 1 (BH1 ) (White et 
al. 1992; Chiou et al. 1994b). 

The ElB 19K and Bcl-2 proteins also share the ability 
to block apoptosis induced by p53. The introduction of 
an ElB 19K or Bcl-2 expression vector into El A plus 
tsp53(vall35)-transformed BRK cell lines completely 
prevents the induction of apoptosis by p53 at the permis- 
sive temperature and causes cells to remain in a growth - 
arrested state (Debbas and White 1993; Chiou et al. 
1994a ; Lin et al. 1995; Sabbatini et al 1995a). There is a 
complete cessation of DNA synthesis with growth arrest 
occurring primarily in the G 2 phase of the cell cycle 
(Chiou et al. 1994a ; Lin et al. 1995). Thus, ElB 19K and 
Bcl-2 proteins are functionally interchangeable for block- 



ing p53-mediated apoptosis, but the p53-dependent 
growth arrest function remains intact, suggesting that 
the apoptosis and growth arrest functions of p53 are sep- 
arable. 

Because the biochemical mechanism of ElB 19K pro- 
tein function was unknown, we screened a HeLa cell 
cDNA library using the yeast two-hybrid system for ElB 
19K-interacting proteins. We demonstrate here that one 
of the ElB 19K binding proteins is Bax. Bax was identi- 
fied previously as a Bcl-2-interacting protein that pre- 
vents inhibition of apoptosis by Bcl-2 (Oltvai et al. 19931 
Bax similarly antagonizes the ability of the 19K protein 
to inhibit apoptosis. Furthermore, bax is p53-inducible 
and sufficient for activating the apoptosis pathway in the 
absence of functional p53. p53 may act as a tumor sup- 
pressor by inducing the transcription of genes required 
for both apoptosis and growth arrest. Bcl-2 and ElB 19K 
proteins may function by inhibiting apoptosis through 
specific Bax interaction and thereby control the physio- 
logical outcome of p53 function. 



Results 

Isolation of Bax from a two-hybrid screen for ElB 
1 9K-interacting proteins 

To identify ElB 19K-binding proteins that may play a 
critical role in the regulation of apoptosis, we screened a 
HeLa cell cDNA library constructed in the pGAD-GH 
vector, which has cDNA library sequences fused to the 
GAL4 activation domain. The bait plasmid consisted of 
the ElB 19K open reading frame fused to the sequence 
for the yeast GAL4 DNA-binding domain in the pGBT-9 
vector. Three million transformants were screened for 
growth in the absence of histidine and production oi 
p-galactosidase by an X-gal filter assay. Seven positive 
clones (Bp 1-7) that interacted strongly with the ElB 19K 
protein did not show the interaction when combined 
with the pGBT-9 vector alone or an irrelevant gene \apc- 
2) in pGBT-9, indicating specificity for interaction with 
the ElB 19K protein (Fig. 1). Sequence analysis of the 
clones revealed that Bp3 was identical in sequence witn 
part of exon 3 of human bax [hbax) encoding amino acia* 
50-78 in frame with the activation domain of GAL4 isee 
Fig. 1C). The exon 3 sequences in Bp3 were followed by 
a novel open reading frame encoding 30 additional amino 
acids (designated exon 4') prior to a stop codon. bax exon 
4 sequences were followed out of frame before reaching 
an untranslated region and polyadenylation sequence 
(Fig- 1C). . 

The strong interaction of Bp3 with ElB 19K in tm 
two-hybrid system suggested that residues 50-78 oi t>c^ 
exon 3 may encode the ElB 19K-binding site. For this 
reason, two pGAD-GH constructs were generated: one 
that encoded residues 50-78 of bax exon 3 with the 
novel exon 4' sequences but without the untranslatc 
region including exon 4 (Bp3-Ex3/4') ; and the secon 
encoded only residues 50-78 of bax exon 3 ( B P^~ 
Both constructs showed strong interactions with the ^ 
protein (Fig. 1A for Bp3-Ex3 ; data not shown for Bp-? 
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Figure 1. Interaction of the E1B 19K pro- 
tein with Bax in yeast. {A) Two-hybrid in- 
teraction assay in yeast strain YGH1 with 
plasmids expressing the GAL4 activating 
domain-Bp3~Ex3 (amino acid 50-78 of 
hBax) fusion protein in combination with 
plasmids expressing a GAL4 DNA-binding 
domain (pGBT-9) fused to either the E1B 
19K protein (19K), an irrelevant protein 
(Apc-2), the full-length Bcl-2 protein (Bcl- 
2), or the E1B 19K missense mutants pm7, 
pm44, pm51 (BH3 mutant), pm87 (BH1 
mutant), and pml02. Bp2 is located 252 
amino acids to the carboxyl terminus of 
lamin A fused to the activation domain of 
GAL4, which was also isolated from the 
two-hybrid screen based on the ability to 
interact with the E1B 19K protein. pGAD- 
GH is the control vector expressing the 
GAL4 activation domain alone. The +his- 
tidine plate lacks only leucine and tryp- 
tophan, thus selecting only for the pres- 
ence of pGAD-GH and pGBT-9. The - his- 
tidine plate lacks leucine, tryptopan, and 
histidine, thus selecting not only for the 
presence of the two plasmids but also for 
the interaction of the plasmid-encoded fu- 
sion proteins. (B) Two-hybrid interaction 
assay in yeast strain YGH1 with plasmids 
expressing the GAL4 activating domain- 
rBax fusion protein in combination with 
the plamids described above. (C) Schematic 
representation of alternative transcripts of 
bax and their predicted protein products. 
Exons are indicated by boxes. Because of 
the alternative splicing of exon 2 in Bax*y, 
exon 3 in Bax^ is different from exon 3 in 
Baxa, as indicated by the different shading 
pattern. The BH3, BH1, and BH2 conserved 
regions of the Bcl-2 family are indicated. 
(TM) The transmembrane region. (BP3) 
The Bax segment isolated from the two- 
hybrid screen for 19K association. Bp3- 
Ex3/4' and Bp3-Ex3 constructs were de- 
rived from BP3 as indicated. ( + + + ) Inter- 
action of Bax constructs with the E1B 19K 
protein in yeast as in A and B. (D) Amino 
acid sequence alignment of the BH3 region 
among members of the Bcl-2 family. 



Ex3/4'). Moreover, all three constructs (Bp3, Bp3-Ex3/ 
4', Bp3-Ex3) displayed equally strong interactions with 
Bcl-2 in yeast (Fig. 1A for Bp3-Ex3 ; data not shown for 
Bp3-Ex3/4' and Bp3), suggesting that the binding require- 
ments for both 19K and Bcl-2 were similar, if not iden- 
tical, and Bp3-Ex3 was sufficient for the interaction to 
occur in yeast. 
Because Bp3, Bp3-Ex3, and Bp3-Ex3/4' all encode seg- 



ments of Bax, interaction of the E1B 19K protein with 
full-length Bax was evaluated. Full-length rat bax a 
(rbax) was cloned by reverse transcription and PCR of 
mRNA from the BRK cell line p53Anl (Debbas and 
White 1993) and was tested for interaction with the E1B 
19K protein in yeast (Fig. IB). rBax possessed the same 
capacity to interact with the 19K protein as Bp3-Ex3 and 
other Bax constructs (Fig. IB). As expected, full-length 
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rBax also interacted with Bcl-2 (Fig. IB). Thus, rBax in- 
teracted with E1B 19K and residues 50-78 of Bax were 
sufficient for interaction not only with the E1B 19K pro- 
tein but also the Bcl-2 protein in yeast. 



Sequence requirements within the E1B 19K protein 
for Bax interaction 

The interaction of Bax with specific E1B 19K mutants 
known to be defective for E1B 19K function and/or struc- 
ture was used as a measure of the specificity of the in- 
teraction. We tested the ability of the four constructs 
(Bp3, Bp3-Ex3, Bp3-Ex3/4', and rBax in pGAD) to inter- 
act with missense mutants of the E1B 19K protein (pm7, 
pm44, pm51, pm87, and pml02) which resulted in a loss 
of transforming activity and the ability to block apopto- 
sis induced by TNF-a and Fas antigen (White et al 1992; 
Chiou et al. 1994b). 

Substitution of either phenylalanine for serine at po- 
sition 51 (pm51) or glycine for alanine at position 87 
(pm87) in the E1B 19K protein resulted in loss of the 
ability to interact with Bp3, Bp3-Ex3, Bp3-Ex3/4', and 
rBax in pGAD in yeast (Fig. 1). pm7, pm44, and pml02, 
however, maintained the ability to interact with the Bax 
constructs, except that pm7 interacted more weakly 
with rBax (Fig. 1). pm87 has a replacement of a highly 
conserved glycine (100% identical across all 12 adenovi- 
rus serotypes) with alanine in the region of the 19K pro- 
tein homologous to BH1 (White et al. 1992; Chiou et al. 
1994b). The same glycine to alanine substitution in BH1 
of Bcl-2 prevents both Bcl-2 function and Bcl-2-Bax in- 
teraction (Yin et al. 1994). Thus, the equivalent BH1 mu- 
tation in the E1B 19K protein (pm87) also prevents Bax 
interaction. pm51 is located within another highly con- 
served region of the E1B 19K protein and other members 
of the Bcl-2 family that we have designated Bcl-2 homol- 
ogy region 3 (BH3) (Fig. 1C and D). The BH3 region is also 
included in residues 50-78 of Bax, which is sufficient for 
the 19K protein interaction in yeast. Thus, sequence in- 
formation within BH3 of Bax is necessary and sufficient 
for interaction with the E1B 19K and Bcl-2 proteins. 
Likewise, sequence information within BH3 of the E1B 
19K protein is apparently also required for interaction 
with Bax. 

Having established that point mutations in pm51 and 
pm87 result in a loss of interaction between E1B 19K and 
Bax (Fig. 1), we made further deletions in the E1B 19K 
protein to map the minimal region sufficient for the in- 
teraction. Sequential deletions from both the amino-ter- 
minal (AN30, AN64, and AN87) and carboxy-terminal 
(AC146, AC93, AC70) ends were generated in addition to 
four mutants with deletions of both amino- and carboxy- 
terminal ends (30-146, 30-93, 64-146, 19-57) (Fig. 2). 
Both full-length rBax and Bp3-Ex3 were tested with the 
E1B 19K deletion mutants in the two-hybrid system. In- 
teractions were confirmed by the ability of yeast to grow 
in the absence of histidine and tum blue in a p-galactosi- 
dase assay. 

Deletions of either the amino-terminal 64 residues 



(AN64) or the carboxy-terminal 30 amino acids (AC146 1 
of the E1B 19K protein still permitted interaction with 
Bp3-Ex3 as effectively as the wild-type E1B 19K protein 
(Fig. 2). Correspondingly, the central domain containing 
deletion 30-146 was sufficient for the interaction 
whereas larger deletions of either the amino or carboxyl 
terminus of the E1B 19K protein were not capable oi 
interacting with Bp3-Ex3 (Fig. 2). Thus, the minimal re- 
gion of the E1B 19K protein required for binding to Bp3- 
Ex3 maps to the central conserved domain, including 
BH1, BH2, and BH3 (Fig. 2). Interestingly, the 19-57 frag- 
ment of the E1B 19K protein that corresponds to Bp3- 
Ex3 did not interact with Bp3-Ex3 (Fig. 2). The inability 
of equivalent regions with the 19K and Bax proteins to 
interact suggests that protein-protein interactions may 
be nonsymmetrical. 

Interaction of the E1B 19K protein with full-length 
rBax produced somewhat different results. None of the 
E1B 19K deletions that interacted with Bp3-Ex3 lANM 
AC146, or 30-146) interacted with full-length rBax iFig 
2). The 19K deletion 19-57 containing BH3, however, 
was sufficient for interacting with full-length rBax. al 
beit weakly (Fig. 2). None of the other deletions, al! os 
which lack the BH3 region, showed any interaction 
Taken together, these results suggest that the BH3 re- 
gion is required but not sufficient for establishing the 
interaction between E1B 19K and Bax proteins. 

E1B 19K associates with Bax in vitro and in cell lv>atc> 

In parallel with the yeast two-hybrid assay for 19K f^** 
interaction, we examined the ability of the E 1 B 19K **» 
Bax proteins, to interact in vitro. hBcl-2, E1B 19k 
rBax were prepared by in vitro transcription and cot i an* 
lation and assayed for the ability to coimmunoprccipi 
tate. Following cotranslation, the 35 S-labeled hBel-- 
19K, and rBax proteins were incubated in s P c " nc ^ M 
bination with antibodies directed against Bcl-2 A - 
Bax (N-20), and E1B 19K (p21) proteins. The Bci - , 
body precipitated in vitro-synthesized Bcl-2^ri^- ^ ^ 
not the E1B 19K and Bax proteins (Fig. 3A \ : 
E1B 19K and Bcl-2 proteins were cotranslateu : * ^ 
antibody did not pull out the E1B 19K protein in-u ^ 
that there is no interaction between the Bel- 
proteins. This result was expected, as & c J e l * T„.*t& 
able interaction between the E1B 19K and Bel - ^ ^ 
when assayed in the yeast two-bybnd system - ^ 
shown). However, when Bcl-2 and Bax were co^ ^ ^ 
immunoprecipitation with a Bel -2- specific ^""''^j^*, 
precipitated Bax (Fig. 3A). Bax migrated witn ^ ^ ^ 
higher molecular mass (22.5 kD rather tnan^ ^ ^ 
cause of the Myc epitope tag. Immunoprecipi ^ ^ ^ 
a polyclonal antibody specific for the ti* " ^ 
specifically precipitated the E1B 19K proteir i - % ^ 
or Bcl-2 (Fig. 3A). The E1B 19K an d Bc i ^ P ^ K 
did not coimmunoprecipitate with tnc t ^ ^ ^ ^ 
antibody, as was the case with the Bet- *~ xTi% m ^ 
body (Fig. 3A). When the E1B A9K »d Bax ^ 
cotranslated, however, both E1B i** * ..^js* 
cipitated (Fig. 3A). In the converse cxpcri — 
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figure 2. Mapping of the mi n imal region of the E1B 19K protein required for interaction with Bp3-Ex3 (amino acids 50-78 of hBax) 
>nd rBax. A schematic representation of the 176 amino acids of wild-type E1B 19K protein highlights some of its structural features. 
'Among the various adenovirus serotypes, amino acids 1-81 (stippled area) share 52% identity, amino acids 82-113 (solid area) is the 
Snost conserved region with 63% identity and amino acids 114-176 (hatched area) is least conserved with 37% identity (Chiou et al. 
j|994b). The region between amino acids 44 and 1 13 has been determined previously as being required for transformation and inhibition 
if apoptosis and is indicated (White et al. 1992 ; Chiou et al. 1994b). Boxed regions I, H, and IH define the Bcl-2 homology regions BH1, 
^^H2, and BH3, respectively. Locations of the point mutants of E1B 19K tested in the two-hybrid system (pm7 pm44 pm51 pm87 and 
pml02) are in boldface type. Deletion mutants of the E1B 19K protein were generated from the amino- terminal direction (AN30, AN64, 
|N87), the carboxy-terminal direction (AC146, AC93, AC70, AC36), and both directions (30-146, 30-93, 64-146, 19-57) and tested for 
:eraction with either full-length rBax or Bp3-Ex3 in the two-hybrid system. Positive interactions were scored by the number of 
lonies obtained on plates without in comparison to plates containing histidine and by the intensity of blue color in a p-galactosidase 
ly. ( + + + ) Strong interaction; ( + ) weak interaction; ( - ) no interaction. 



tion of E1B 19K and Bax, followed by immunopre- 
Ipitation with an anti-Bax antibody, also a>immuno- 
|recipitated E1B 19K with Bax (Fig. 3A). Bax also coim- 
aunoprecipitated with Bcl-2, as expected (Fig. 3A). 
^These results indicate that the E1B 19K protein can spe- 
jcifically interact with Bax in vitro, which serves as an 
^Independent confirmation of results obtained from the 
|jeast two-hybrid system. 

To further substantiate the in vitro interactions ob- 
ved, a glutathione S-transferase (GST) fusion protein 
pstem was employed. GST-19K, a GST fusion of E1B 
?K GST-pm51, a GST fusion of a E1B 19K mutant 
|pthin the BH3 region defective for Bax interaction in 
st, and GST alone were immobilized onto glutathi- 
-Sepharose beads, purified, and used to corifirm the 
raction between the E1B 19K and Bax proteins (Fig. 
Equal amounts of GST-fusion proteins (3 u.g) were 
abated with either Bax or Bcl-2 proteins translated in 
> (Fig. 3C). In vitro-translated Bax bound to the GST- 
WK fusion protein but did not bind to either GST alone 
7*he E1B 19K point mutant GST-pm51 (Fig. 3C). How- 
r, in vitro-translated Bcl-2 did not bind to GST-19K, 
ST-pm51, or GST alone (Fig. 3C). Thus, Bax specia- 
lly interacted with the E1B 19K protein in this assay, 
ad complex formation with Bax was abrogated by a sin- 
pe amino acid substitution in the region identical to 



that in the two-hybrid assays required for 19K/Bax in- 
teraction. To verify the protein band as Bax, a portion of 
the in vitro-translated protein mix was immunoprecipi- 
tated with a monoclonal antibody specific for the Myc 
epitope tag on rBax, as opposed to an E1B 55K antibody 
(13D2) (Fig. 3C). In vitro-translated Bcl-2 was also im- 
munoprecipitated by using a Bcl-2 polyclonal antibody 
as opposed to a nonspecific antibody (Fig. 3C). In each 
case, in vitro-translated protein was immunoprecipi- 
tated with its corresponding antibody as opposed to a 
nonspecific antibody. 

The association of the E1B 19K and Bax proteins in the 
yeast two-hybrid system and the ability of the E IB 19K 
and Bax proteins to complex in vitro suggested that they 
may interact in mammalian cells. Detection of protein- 
protein complexes has been successful previously 
through coimmunoprecipitation of cellular proteins 
from cell lysates prepared under mild lysis conditions. 
The E1B 19K protein, however, is insoluble when ex- 
pressed in mammalian cells and generally requires harsh 
detergent conditions to be extracted from cells for im- 
munoprecipitation (White et al. 1984 ; White and Cipri- 
ani 1990). These conditions, however, are usually not 
suitable for protein interactions to remain intact. Con- 
ditions used to coimmunoprecipitate Bax complexed to 
Bcl-2 (Oltvai et al. 1993), for example, immunoprecipi- 
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Figure 3. Association of the E1B 19K protein with rBax in vitro and in cell lysates, [A) Coimmunoprecipitation of in vitro-transiaicd 
rBax and E1B 19K proteins. Immunoprecipitation was carried out with in vitro-synthesized and [ 35 S)methionine-labeled Bcl-2 EiB 
19K, and Bax, in the specific combinations indicated, with antibodies directed against Bcl-2, Bax, and E1B 19K proteins. \B) Product um 
of GST-fusion proteins. GST-19K, GST-pmSl, and GST alone were produced in Escherichia cob and purified on glutathione- 
Sepharose beads, and the levels and purity of the GST fusions were evaluated by SDS-PAGE. Equal concentrations |3 p-g) of GST- 
GST-pmSl, and GST were used for the binding experiments in C and D. (C) In vitro-translated rBax associates with the GST- -ivk 
fusion protein. GST-fusion proteins were immobilized onto glutathione-Sepharose beads and incubated with in vitro-translated rBa* 
or hBcl-2 in the presence of NETN buffer as indicated. Immunoprecipitation of in vitro-translated rBax (Myc Ab) and hBcl-2 (Be 10 Ah 
is shown. An antibody directed against the E1B 55K protein (13D2) was used as a control for nonspecific precipitation. (Dl Interact:** 
of the cellular rBax protein with the GST-19K fusion protein. Cold cell lysates prepared from the Anl cell line were incubated * > th 
GST-fusion proteins GST-19K and GST-pmSl immobilized on glutathione beads. Proteins were analyzed by SDS-PAGE and \Vi>irrr. 
blotting with an anti-Bax polyclonal antibody. (£] Interaction of [ 35 S]methionine-labeled BRK cell proteins with GST and C>7 1 ^ 
Labeled cell extracts of the Anl cell line were indubated with GST or GST-19K, and the bound products were alanized by SI> " * - * ! 
A protein with a molecular mass of ~22kD (p22) was the only GST-19K-specific band. p22 comigrated with Bax (Dl. 



tate <1% of the 19K protein from cell lysates (data not 
shown). To circumvent this problem, the E1B 19K pro- 
tein was immobilized onto glutathione-Sepharose beads 
as a GST-fusion protein (GST-19K) and then incubated 
with unlabeled lysates prepared from the El A plus 
tsp53(vall35)-transformed BRK cell line Anl (Debbas 
and White 1993), under conditions where Bax was ex- 
pressed (see Western blot in Fig. 6, below). Cell lysates 
were incubated with GST alone, GST-pmSl, or the 
GST-19K fusion proteins bound to beads in a GST pull- 
down assay. Bound cellular proteins were subjected to 
immunoblotting analysis by probing with an anti-Bax 
polyclonal antibody. rBax was specifically detected 
bound to the GST-19K fusion protein but not to either 
GST alone or the E1B 19K mutant GST-pmSl (Fig. 3D). 
To further evaluate the specificity of the Bax interac- 



tion with GST-19K protein, a | 35 S]methionine -Ur<*r~ 
BRK cell extract was incubated with either GST m 
19K, and the number of bound cellular protein> ^ 
amined. There was a single specific [ 35 S|methion»:* ** 
beled band migrating with an approximate m"ic*u^ 
mass of 22kD (p22) that bound to GST-I9K but n«: ^ 
(Fig. 3E). p22 migrated in the expected position & ^ 
(see Fig. 3D), indicating that the interaction ot ^ ^ 
proteins with GST-19K was highly selective ^ 
Bax interacts with high specificity. These ^ J,ult *^ 
onstrate that the E1B 19K protein can associate * i--^ 
specifically in the context of a whole cell cxt: ^ ^ 
gesting that an in vivo interaction between tm ^ • ^ 
teins is probable and supports the findings obtai^ - 
the two-hybrid system and the in vitro coas— . 
E1B 19K and Bax. 
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Figure 4. E1B 19K and Bax display over- 
lapping intracellular localization. The 
19K1 cell line was transfected with pCEP4- 
Myc-rBax expression vector and processed 
for double-label indirect immunofluores- 
cence 48 hr post-transfection. The cells 
were stained with a monoclonal antibody 
directed against the Myc epitope tag on 
rBax [A, C) and a polyclonal antibody di- 
rected against the E1B 19K protein \B,D). 
\E,F) Induction of DNA fragmentation by 
transient Bax expression in BRK cells. The 
TdT assay to detect DNA fragmentation in 
situ was used in vector control (£) or CMV- 
Bax -transfected \F) 19K1 cells. Labeling 
with TdT is indicative of cells undergoing 
apoptotic cell death (arrows in F). Original 
magnification, 600 x. 



B 19K and Bax proteins have overlapping 
racellular localization 

LIB 19K protein is found associated with the cyto- 
smic and nuclear membranes and with the insoluble 
lear lamina (White et aL 1984 ; White and Cipriani 
90). To determine whether the Bax and E1B 19K pro- 
> reside in the same subcellular compartment, dou- 
-label indirect immunofluorescence studies were per- 
ed. Transient Bax expression induced apoptosis in 
cells that did not express the E1B 19K protein (data 
shown); therefore, the cytomegalovirus (CMV) Myc- 
eed rBax expression vector (pCEP4— Myc-rBax) was 
ctroporated into the 19K1 cell line, which is an El A 



plus tsp53(vall35)-transformed BRK cell line that stably 
expresses the E1B 19K protein (Debbas and White 1993). 
Cell death following Bax expression was delayed suffi- 
ciently in the 19K1 cell line to permit visualization of 
Bax and 19K localization. The pCMV-rBax (pCEP4- 
Myc-rBax)-transfected 19K1 cells were fixed 48 hr post- 
transfection and stained with a monoclonal antibody 
specific for the Myc epitope on rBax and a polyclonal 
antibody directed against the E1B 19K protein. As re- 
ported previously (White et al. 1984 ; White and Cipriani 
1989; White and Cipriani 1990), the E1B 19K protein was 
detected primarily at die nuclear envelope, and cytoplas- 
mic membranes were typified by bright punctate cyto- 
plasmic staining (Fig 4B and D). Half of the Bax positive 
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cells displayed colocalization of the two proteins typical 
of cytoplasmic membranes (Fig. 4A, B). The 19K protein 
is membrane and cytoskeletal bound (White et al. 1984), 
and Baxa possess a transmembrane domain and would be 
expected to be membrane bound also (Oltvai et al. 1993). 
The remaining cells had an overlapping staining pattern 
with the E1B 19K protein (Fig. 4C, D). These data sug- 
gested that a substantial fraction of Bax protein in vivo 
may reside in the same intracellular compartment as the 
E1B 19K protein. 

Bax expression was eventually lethal in 19K1 cells, as 
evidenced by pronounced morphological changes and the 
loss of cell viability (see below) that accumulated with 
time following transfection and Bax protein expression. 
To address whether the cell death induced by transient 
Bax expression resembled apoptosis, a terminal deoxy- 
nucleotidyl transferase (TdT) assay (Gavrieli et al. 1992) 
was performed to detect the presence of fragmented 
DNA. Vector control-transfected cells were viable and 
had a low incidence of TdT-positive cells (Fig. 4E). The 
CMV-Bax-transfected cells, however, displayed a fre- 
quency of TdT-positive cells with condensed nuclei sev- 
eralfold higher (Fig. 4F), suggesting that the cell death 
induced by Bax occurred by an apoptotic process. 



Bax antagonizes apoptosis inhibition by the E1B 
19K protein 

Because rBax interacted with the E1B 19K protein in 
yeast and in vitro, we tested whether rBax could antag- 
onize the antiapoptotic function of the E1B 19K protein 
in BRK cells. The E1A plus tsp53( vail 35 (-transformed 
BRK cell line Anl is transformed at the restrictive tem- 
perature but undergoes apoptosis at the permissive tem- 
perature (Debbas and White 1993). Transient E1B 19K 
expression, however, protects the Anl cell line from p53- 
mediated apoptosis at the permissive temperature as 
measured by an increase in cell survival greater than 
fivefold at 60 hr post-transfection (Fig. 5). To determine 
whether Bax can reverse this E1B 19K protection against 
Bax-mediated apoptosis, the Bax expression vector 
pCEP4— Myc-rBax was transfected in increasing 
amounts with respect to a constant level of the E1B 19K 
expression vector pcDNA3-19K. The Anl cell line was 
also transfected with the rBax expression vector alone as 
a control. The transfected cells were incubated at the 
restrictive temperature to permit Bax and E1B 19K pro- 
tein expression for 60 hr and were then shifted to the 
permissive temperature for 60 hr. The viable cell number 
was assessed by trypan blue exclusion. 

In the absence of 19K expression, viability was reduced 
to 5% because of massive apoptosis at the permissive 
temperature (Fig. 5). Transfection of the rBax expression 
vector did not increase apoptosis measurably under these 
conditions of 95% cell death (Fig. 5). Cotransfection of 
increasing concentrations of the rBax expression vector 
with the E1B 19K expression vector, however, greatly 
diminished survival conferred by E1B 19K expression 
(Fig. 5). When the rBax vector DNA was transfected at a 
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Figure 5. Bax antagonizes the antiapoptotic function of the 
E1B 19K protein. Increasing concentrations (1, 5, 10, and 20 ^g 1 
of the rBax expression vector DNA (pCEP4-Myc-rBax) or the 
control empty vector DNA were cotransfected into the Anl cell 
line with a fixed concentration (10 jig) of pcDNA3-19K DNA or 
the control vector DNA. The transfected Anl cell lines were 
incubated at 38.5°C for 60 hr and then at 32°C for 60 hr. Viable 
cell number was assessed by trypan' blue exclusion. 



2: 1 ratio to 19K vector DNA; viability was reduced to the 
level of the control. Reduction of rBax vector levels rel 
ative to E1B 19K vector levels proportionally increased 
the level of protection from cell death by the E1B 1 9k 
protein (Fig. 5). Therefore, rBax protein antagonized the 
antiapoptotic function of the E1B 19K protein, suggest- 
ing an in vivo functional interaction between these two 
apoptosis regulators. 

Wild-type p53 induces bax mRNA and 
protein expression 

Recent evidence indicates that bax is a p53-indu^i 
gene and that bax expression parallels p53-mediateu ap 
optosis in certain cell types (Miyashita et al. 1994 * 
yashita and Reed 1995). Therefore, we wanted to dcr^ 
mine whether bax gene expression was up-reguU* tU 
BRK cell lines that succumb to p53-mediated a P° r "^ 
at the permissive temperature. We have demon-tra 
recently that ElA-induced apoptosis in BRK cc > ^ 
quires a transcriptionally functional p53 (Sabbauni c * 
1995b). The BRK cell line 22-23vall35A, which ^ 
presses El A and a transcriptionally defective ts ^^ 
23vall35), was used as a negative control for P"^^^ 
ated trans-activation at the permissive temp^ 
tsp53(22-23vall35) is transcriptionally defective £^ jin 
of a double mutation within the trans-activation ik ^ 
of p53 (Lin et al. 1994; Sabbatini et al. 1995b:. 
ingly, this cell line does not succumb to P 3 ^*" 1 ^ t . : a i 
apoptosis at the permissive temperature (Sabban ^ ^ 
1995b). Cytoplasmic RNA was extracted at mt ^ 
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time points at the permissive temperature and then sub- 
jected to Northern blot analysis. 

Results indicate that rbax mRNA levels increased 
three- to fivefold in the Anla and Anlb cell lines [two 
El A plus tsp53(val 135 (-transformed BRK cell lines] 
within 4 hr of incubation at the permissive temperature 
(Fig. 6A). rbax mRNA levels remained at induced levels 
in the Anla cell line after 9 hr of incubation at the per- 
missive temperature but appeared to decrease in the 
Anlb cell line at this time point (Fig. 6A). However, this 
sudden decrease in rbax mRNA levels in the Anlb cell 
line is likely attributable to lower overall levels of 
mRNA because of cell death, as it was paralleled by a 
corresponding decrease in the levels of actin mRNA (Fig. 
6A). Expression of box in the 19K1 cell line, which un- 
dergoes p53-mediated growth arrest at the permissive 

f temperature (Debbas and White 1993 ; Lin et al. 1995; 
Sabbatini et al. 1995a), was also up-regulated three- to 

I fivefold at the permissive temperature (Fig. 6A). The 

* 19K1 cell line is protected from apoptosis, and any re- 
duction in intact mRNA attributable to cell death is 
therefore prevented, which may account for the promi- 
nent rbax mRNA induction. In contrast, box mRNA lev- 

/ els were barely detectable in the 22-23vall35A cell line 
■ at either the restrictive or permissive temperature, con- 
i sistent with the fact that tsp53(22-23va!135) is transcrip- 
1 tionally defective at both temperatures (Sabbatini et al. 
1995b). Moreover, the patterns of expression of the p53- 
■4nducible gene p21/Waf-l /Cip-1 and rbax in all cell lines 
were identical (Fig. 6A). These results are consistent 
with previous findings demonstrating that p53-mediated 
^trans-activation remains intact in both the Anla and 
19K1 cell lines but is dramatically impaired in the 22- 
23vall35A cell line (Sabbatini et al. 1995b). Thus, apop- 
tosis appears to require a transcriptionally competent 
p53, and box mRNA induction parallels p21/WAF-l/ 
Cip-1 mRNA induction and correlates with apoptosis. 

Western blot analysis indicates that rBax protein lev- 
els increased dramatically and progressively in both the 
Anla and Anlb cell lines following incubation at the 
permissive temperature (Fig. 6B). Bax protein levels also 
increased progressively in both the 19K1 and 4B cell 
lines at the permissive temperature (Fig. 6B). The appar- 
ent slight difference in the kinetics of Bax accumulation 
£n 19K1 and 4B compared to the Anl cell line was at- 
tributable to variations in blotting conditions, as it was 
;jiot observed when Anl, 19K1, and 4B were analyzed on 
the same blot (data not shown). Interestingly, Bax pro- 
tein levels remained high in the 19K1 and Bcl-2 cell lines 
^through 96 hr at the permissive temperature, at which 
Spoint cells have undergone p53-mediated growth arrest 
|Fig. 6B). E1B 19K protein levels also increased dramati- 
cally (Fig. 6B). There was no increase in 19K mRNA lev- 
yels, and in pulse-chase experiments, the half-life of the 
E1B 19K protein was increased from 4 hr to >12 hr (data 
?not shown). Although E1B 19K protein accumulation 

* was apparently the result of an increase in the stability of 
f the protein, whether this was caused by the presence of 
; rBax has not yet been determined. As predicted from the 
1 Northern blot analysis, rBax protein levels were barely 



detectable in the 22-23 val 135 A cell line at either the 
restrictive or permissive temperature (Fig. 6B). In addi- 
tion, the corresponding patterns of expression of rBax 
and p21/Waf-l /Cip-1 protein in each cell line were iden- 
tical (Fig. 6B). 

These results indicate that Bax and p21/Waf-l /Cip-1 
are equally up-regulated in BRK cell lines that succumb 
to either p53-mediated apoptosis or growth arrest at the 
permissive temperature. In addition, they are consistent 
with the fact that the E1B 19K and Bcl-2 proteins func- 
tion downstream of p 53 -mediated trans-activation to 
overcome p53-mediated apoptosis. 

Bax is sufficient for apoptosis and acts downstream 
ofp53 

p53 can activate the transcription of genes involved in 
growth arrest, such as p21 /Waf-1 / Cip-1 , and in apopto- 
sis, such as bax. In BRK cells the induction of apoptosis 
requires a transcriptionally competent p53 (Sabbatini et 
al. 1995b). bax induction by p53 may be responsible for 
apoptosis, or bax may be only one gene product of many 
that is required for activation of the death pathway by 
p53. To test this hypothesis, rBax was transfected into 
the Anl cell line at the restrictive temperature where 
p53 was constitutively in the mutant conformation to 
determine whether bax expression alone was capable of 
inducing cell death. 

Anl was transfected at 38.5°C (restrictive tempera- 
ture) with the rBax expression vector (pCEP4-Myc-rBax) 
containing a hygromycin resistance marker or a vector 
control lacking the rBax cDNA and placed under drug 
selection. After 21 days, the number of hygromycin re- 
sistant colonies was evaluated by Giemsa staining. As 
seen in Fig. 7, there was a sixfold reduction in the num- 
ber of colonies in the rBax-transfected cells compared 
with the control. Transient Bax expression induced cell 
death that resembled apoptosis (data not shown), sug- 
gesting that Bax was sufficient for the induction of ap- 
optosis in the presence of mutant p53. Thus, Bax alone 
was capable of inducing apoptosis, which is consistent 
with it functioning downstream of p53. 

Discussion 

The adenovirus E1B 19K protein plays an important role 
in inhibiting apoptosis during the productive infection of 
human cells and during the transformation process of 
primary rodent cells. Without E1B 19K function, virus 
production is compromised because of premature death 
of the host cell (White 1994; White and Gooding 1994) 
and transformation by El A is aborted (Rao et al. 1992; 
White et al. 1992). Early evidence suggested that the E1B 
19K protein functioned as an apoptosis inhibitor and pos- 
sessed both structural and functional homology to Bcl-2 
(White et al. 1991; Rao et al. 1992; White et al. 1992). 
The capacity of the E1B 19K protein to interact and dis- 
play functional antagonism with Bax further supports 
the suggestion that it is the adenovirus Bcl-2 homolog. 
Other DNA viruses harbor open reading frames with ho- 



GENES & DEVELOPMENT 469 



Han et al. 



Figure 6. Up-regulation of box and p21l Waf- 1 / 
Cip-1 mRNA and protein levels in BRK ceD 
lines by p53. [A] Northern blots of RNA isolated 
from the Anla, Anlb, 22-23vall35A, and 19K1 
cell lines at the restrictive (0 hr) and permissive 
(4 and 9 hr) temperatures were hybridized with 
probes corresponding to ibax (top), murine pZlf 
Waf-1/ Cip-1 -1 [middle), and murine $-actin 
[bottom). (£) Western blot analysis of rBax and 
p21 /Waf-1 /Cip-1 expression in the Anla, An lb, 
22-23vall35A, 19K1, and 4B cell lines at the re- 
strictive and permissive temperatures. Total 
cell extracts were prepared from the Anla, 
An lb, and 22-23 val 135 A cell lines at the restric- 
tive temperature (0 hr) and after incubation for 
6, 12, and 24 hr at the permissive temperature. 
Extracts were prepared from the 19K1 and 4B 
cell lines at the restrictive temperature (0 hr) 
and after incubation for 6, 12, 24, 48, and 96 hr 
at the permissive temperature. Western blots 
were probed with antibodies specific for Bax (N- 
20), p21/Waf-l/Cip-M, and actin. Blots con- 
taining extracts from the 19K1 and 4B cell lines 
were also probed with antibodies directed 
against the E1B 19K (2F3) and Bcl-2 (1632-15) 
proteins, respectively. 
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mology to Bcl-2 (Cleary et al. 1986; Henderson et al. 
1993; Neilan et al. 1993), whereas non-Bcl-2-related ap- 
optosis inhibitors have been identified in baculo virus 
(Clem and Miller 1994) and poxviruses (Ray et al. 1992). 
It is becoming apparent that apoptosis is one cellular 
response to infection with a DNA virus and may repre- 
sent an altruistic defense mechanism at the cellular level 
to contain or minimize virus infection of the host. Al- 
though the molecular events triggering apoptosis upon 
infection with other DNA viruses are obscure, with ad- 
enovirus the expression of the El A proteins is responsi- 
ble (White and Stillman 1987; White et al. 1991). 

The ability of El A to induce apoptosis is genetically 
inseparable from its ability to induce cellular DNA syn- 
thesis, suggesting that deregulation of cell growth con- 
trol, either directly or indirectly, through the induction 
of DNA damage, is responsible for promoting cell death 
(White et al. 1991; Mymryk et al. 1994 ; Teodoro et al. 
1995). In rodent cells the induction of apoptosis by E1A 
requires the function of the p53 tumor suppressor gene 
product (Debbas and White 1993), suggesting that p53 
may function in response to abnormal cell cycle progres- 
sion induced by El A. The p53 protein accumulates fol- 



120 
100 
1 80 



| 60 
40 




0 1 2 3 4 5 
Concentration of vector or Baxu*g 

Figure 7. Bax is sufficient for induction of apop T 
downstream of p53. The El A plus tsp53-transforrr- 
line AN1 was transfected with 0.5, 1.0, and 5.0 m-p 
CMV-Bax plasmid (pCEP4-Myc-rBax) or comm. 
(□) by electroporation. After 21 days post-transrect. 
with selection for hygromycin resistance (#), the 
number was determined following Giemsa stain tt- 
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dng El A expression (Lowe and Ruley 1993; Chiou et 
1994a), which mimics the p53 response to DNA dam- 

(Maltzman and Czyzyk 1984; Kastan et al. 1991, 
>2; Kuerbitz et al. 1992), supporting a role for p53 as a 
veillance factor to induce growth arrest or apoptosis 
ibnormal, damaged, or infected cells. p53 can induce 
wth arrest or apoptosis in different physiological set- 
*s. Bcl-2 and E1B 19K expression can specifically 
ck the induction of apoptosis by p53, but the growth 
;st function is intact (Debbas and White 1993; Chiou 
J. 1994a ; Lin et al. 1995; Sabbatini et al. 1995a). This 
gests that growth arrest and apoptosis are distinct 
ivities of p53 and that Bcl-2 levels may be a determin- 

factor in regulating the physiological outcome fol- 
ding p53 induction. 

53 is a transcription factor that activates the tran- 
ption of a number of cellular genes, one of which is 
p21/Waf-l/Cip~l cell cycle-dependent kinase inhib- 

(El-Deiry et al. 1993; Harper et al. 1993; Xiong et al. 
3; Noda et al. 1994). p21 expression can induce cell 
le arrest, suggesting that it is one means by which 

can arrest cell growth. The role of the transcriptional 
vity of p53 in regulating apoptosis has been less clear 

may be cell type specific (Caelles et al. 1994 ; Haupt 
d. 1995; Sabbatini et al. 1995b). Transcriptional in- 
tion of the bax gene by p53, for example, has been 
^ciated with apoptosis in some settings (Miyashita et 
1994; Miyashita and Reed 1995) but not in others 
nman et al. 1995). In the E1A plus p53(vall35) BRK 
isformants that we have generated, however, p53 re- 
res a functionally competent tnms-activation domain 
the induction of apoptosis (Sabbatini et al. 1995b). 
is, the activity of p53 as a transcription factor is 
*ly required for induction of apoptosis in BRK cells. 

could potentially activate the transcription of death 
es such as box or repress the transcription of survival 
es such as bcl-2 to promote cell death. Because the 
> 19K and Bcl-2 proteins both associate with Bax, they 
Id potentially prevent any adverse effect of Bax on 

viability following p53-promoted Bax accumulation 

8). bax mRNA and protein levels were induced spe- 
cally and dramatically upon conformational change 
^53 from the mutant to the wild- type form, and a 
iscriptionally defective p53 was incapable of display- 
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re 8. Model for separation of p53-mediated apoptosis and 
. th arrest functions by interaction of the E1B 19K and Bcl-2 
cins with the Bax protein. 



ing this activity, providing strong evidence that bax is 
either directly or indirectly regulated by p53 at the tran- 
scriptional level. 

E1B 19K and Bcl-2 expression, although sufficient to 
block cell death, had no impact on bax message or pro- 
tein accumulation, suggesting that they act downstream 
of bax induction by p53 (Fig. 8). Furthermore, as the E1B 
19K- and Bel -2 -expressing cells do not die, Bax induction 
by p53 can be uncoupled from cell death, ruling out the 
possibility that Bax induction is merely a symptom of 
cells undergoing the death process. E1B 19K protein lev- 
els increase following Bax induction. There was an in- 
crease in the half -life of the 19K protein but no change in 
the level of 19K message, suggesting a post-transcrip- 
tional mechanism of protein accumulation. Perhaps 19K 
stabilization is prompted by the sudden increase in and 
interaction with Bax. 

Bax has been demonstrated to associate with Bcl-2 and 
antagonize the ability of Bcl-2 to block apoptosis (Oltvai 
et al. 1993). In functional assays, Bax expression also 
antagonized the ability of the E IB 19K protein to block 
apoptosis. E1B 19K and Bcl-2 expression in BRK cells has 
no measurable effect on cell viability or growth unless 
p53 is converted to the wild-type form. Only under these 
circumstances when Bax levels, which are virtually un- 
detectable in the presence of mutant p53, are increased 
by the presence of wild-type p53, is any functional ac- 
tivity of either E1B 19K or Bcl-2 apparent. It is possible 
that Bax is ineffective at inducing apoptosis as long as 
Bcl-2 and E1B 19K proteins are expressed in relative ex- 
cess of Bax and thus they may serve to sequester Bax 
activity to preserve cell viability. 

Bax expression induced apoptosis in cells that consti- 
tutively expressed mutant p53, suggesting that Bax alone 
was sufficient to induce cell death and that it acts down- 
stream of p53. Whether bax is the only death gene tran- 
scriptionally activated by p53, or one of many that func- 
tion redundantly, is not yet known. When expressed in 
other cell types, however, Bax expression is not lethal 
and only induces apoptosis upon receipt of a death signal 
such as factor withdrawal (Oltvai et al. 1993). A death 
signal is apparently necessary in some cell types and may 
depend on the levels of expression of endogenous Bcl-2- 
like proteins. The induction of apoptosis by Bax in BRK 
cells in the presence of mutant p53 may be because the 
level of expression of endogenous Bcl-2-like proteins is 
low (both Bcl-2 and Bcl-x protein levels are barely detect- 
able in BRK cell lines; data not shown). Alternatively, 
the El A expressed in BRK cells may provide a constitu- 
tive death signal that only requires wild-type p53, and 
thereby Bax expression, for implementation of the death 
program. 

The relationship between the cell cycle and apoptosis 
has been suggested by a number of experiments, but the 
molecular basis of the relationship has been unclear. De- 
regulation of cell growth by El A and c-Myc expression 
can stimulate p53 accumulation and p53-dependent ap- 
optosis (Askew et al. 1991; White et al. 1991; Evan et al. 
1992; Amati et al. 1993 ; Hermeking and Eick 1994). 
Whether apoptosis is the result of conflicting growth sig- 
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nals generated by simultaneous opposing positive and 
negative forces governing cell cycle progression, or some 
other cause, is not known. Apoptosis has been reported 
to occur preferentially at the G } /$ transition and S in 
some cases (Yonish-Rouach et al. 1993), in any phase of 
the cell cycle in others, or to either precede or follow 
growth arrest. Our data suggest that p53 simultaneously 
activates both the growth arrest and apoptosis pathways 
through the transcriptional activation of p21/Waf-l/ 
Cip-1 and box genes, respectively (Fig. 8). In situations of 
limiting amounts of Bcl-2 or E1B 19K proteins, the apop- 
totic pathway will be dominant over the growth arrest 
pathway. In Bcl-2 or E1B 19K protein excess (and Bax 
sequestration), the growth arrest pathway becomes ap- 
parent because apoptosis is inhibited (Fig. 8). The rela- 
tionship between apoptosis and the cell cycle in this sit- 
uation may be limited to the causation of p53 accumu- 
lation, perhaps because of the generation of DNA 
damage through aberrant or unregulated DNA synthesis. 
Thus, with the simultaneous activation of both growth 
arrest and apoptosis pathways, apoptosis is dominant 
over growth arrest (Fig. 8). This model would be consis- 
tent with the observation that Bcl-2 and E1B 19K expres- 
sion specifically block p53-dependent apoptosis while 
preserving the growth arrest function of p53. 

The E1B 19K protein bears a strong resemblance to 
Bcl-2 both in functional assays and in amino acid se- 
quence. The BH1 region in particular is highly conserved 
in the E1B 19K proteins encoded by the 12 adenovirus 
serotypes for which there is sequence information 
(Chiou et al. 1994b). The invariant glycine at codon 87 in 
the adenovirus 2 (Ad2) E1B 19K protein is also invariant 
among members of the Bcl-2 family. Glycine-to-alanine 
substitution at this position causes a loss of the ability to 
inhibit apoptosis in both the E IB 19K and Bcl-2 proteins 
(White et al. 1992; Chiou et al. 1994b ; Yin et al. 1994). 
Interestingly, this same amino acid substitution in ei- 
ther the E1B 19K or Bcl-2 protein prevents interaction 
with Bax, suggesting a common biochemical mechanism 
of action. What was surprising was the identification of 
a third conserved region, BH3, that is sufficient for the 
interaction of Bax with either E1B 19K or Bcl-2. In con- 
trast, the corresponding E1B 19K BH3 is required but not 
sufficient for interaction with Bax. The central con- 
served domain encompassing BH1, BH2, and BH3 of E1B 
19K is the minimal region of E1B 19K sufficient for in- 
teraction with Bax BH3 (amino acids 50-78). When the 
region of the E1B 19K protein that is sufficient for asso- 
ciation with full-length rBax was mapped, however, 19K 
BH3 (amino acids 19-57) could interact weakly, but 19K 
BH3 and rBax BH3 did not interact. Thus, the BH3 region 
of either 19K or Bax may be an interaction domain for 
association with multiple domains (BH1-BH3) on the 
opposite binding partner. Nonsymmetrical interactions 
between the E1B 19K or Bcl-2 and Bax proteins are there- 
fore, likely. Participation of regions outside of BH1 and 
BH2 in interactions between Bcl-2 family members was 
also suggested by the interaction between Bcl-x s and Bcl- 
x L . Bcl-x s , which is a product of a splice variant of the 
bcl-x gene, is missing BH1 and BH2 but can interact with 



and antagonize the function of another alternatively 
spliced product, Bcl-x L , which retains BH1 and BH2 
(Boise et al. 1993, Sato et al. 1994). Perhaps BH3 of Bcl-x s 
confers the ability to interact with BH1-BH3 of Bcl-x L , 
as is the case of the interaction between Bax and E1B 
19K. 

The identification of such a small binding region (BH31 
that is sufficient for the interaction of Bax with either 
the E1B 19K or Bcl^2 proteins, or for interaction of 19K 
with Bax, may account for the large number of different 
proteins that have been pulled out of yeast two-hybrid 
assays and expression cloning for interaction with mem- 
bers of the Bcl-2 family (Boyd et al. 1994; Farrow et al. 
1995; Takayama et al. 1995; Yang et al. 1995). At least 
one other 19K-binding protein (BP4) that we isolated 
from the two-hybrid screen has sequence homology with 
BH3 (J. Han and E. White, unpubL). Whether this region 
is responsible for 19K association or this protein has any 
role in the regulation of apoptosis, remains to be deter- 
mined. It is conceivable that such a short sequence (<29 
amino acids) may be represented in multiple proteins 
that may or may not be relevant for apoptosis. Determi- 
nation that proteins interact with members of the Bcl-2 
family in vivo and that the interaction has some physi- 
ological relevance may therefore be imperative. 

Another Bcl-2 family member, Bak, has been shown to 
interact with the 19K protein in yeast two-hybrid assays 
and may act similarly to Bax as an apoptosis regulator 
(Chittenden et al. 1995a ; Farrow et al. 1995; Kiefer et al. 
1995). Bak contains the conserved BH3 region but it is 
not yet known if the binding requirements for 19K and 
Bak are the same as those for 19K and Bax. Bak is not 
detectably expressed in BRK cells, whereas Bax is, sug 
gesting that the 19K-Bak interaction may not be physi 
ologically relevant in this cell type but may be important 
in others. 

Bak, like Bax, has a BH3 domain (Fig. 1C). Analysis at 
Bak deletion mutants has shown that retention of the 
BH3 domain is essential for the promotion of apoptoM* 
and for interaction with Bcl-x L (Chittenden et al. 19^? ^ 
Furthermore, expression of a 50-amino-acid segment o! 
Bak, including BH3 but excluding BH1 and BH2 
sufficient for the induction of apoptosis (Chittenden t* 
al. 1995b). Thus, the BH3 domain and sequences in the 
immediate vicinity encode the apoptosis-promotinc ac 
tivity that may act by either interacting with and mtci^ 
fering with a Bcl-2-like activity or through possession oi 
an effector activity. Presumably Bax functions analo- 
gously. , h 

The E1B 19K protein has been shown to interact * u 
Bax in yeast two-hybrid assays, and both will c0iwr ^ f ^ 
noprecipitate when synthesized in vitro. The sP ecinc! * 
of the 19K-Bax interaction is remarkable in that sine ^ 
amino-acid substitutions at codons 87 (in BHD and ? ^ 
BH3) of the 19K protein abrogate the interaction. In o-^ 
pulldown assays, in vitro- translated Bax associates 4 
19K-GST but not with the BH3 missense mutant onr^ . 
GST. More importantly, GST-19K but not GST P*^ 
will act as an affinity resin to isolate Bax rr0I ^. c f uac ..^. f 
lysates. In GST-19K pulldown assays using I* "Sirm - 
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led extracts, a protein that comigrates with Bax 
ly the only protein that was specifically isolated 
i the ability to interact with the 19K protein, 
e interaction between the E1B 19K and Bax pro- 
highly specific and can occur in the complex 
f a crude cell lysate. The 19K protein is highly 
* and is only liberated by the presence of ionic 
ts that would normally destroy protein-protein 
ons (White et al. 1984; White and Cipriani 
e have therefore not been able to coimmunopre- 
E1B 19K with Bax (or any other protein) in cell 
The GST-19K pulldown assays with whole cell 
as a source of Bax may be the only means to 
the potential for an in vivo interaction, 
v cells Bax appears to be sufficient for the induc- 
joptosis. By binding to and neutralizing Bax, the 
and Bcl-2 proteins could act as apoptosis inhib- 
B 19K and Bcl-2 expression have no measurable 
cell growth or viability, but their activity be- 
iparent when Bax is present, suggesting that Bax 
fector of cell death. The functional outcome of 
Bcl-2 expression (cell death vs. protection from 
h), however, may depend on the presence of 
1-2 family members and the nature of the inter- 
jetween them. Presumably, the Bcl-2 family acts 
rectly or indirectly as regulators of the ICE fam- 
t will be of interest to determine which cysteine 
is activated by Bax or inhibited by E1B 19K and 
nally, defining the specific interaction domains 
BH3 may identify new targets for anti-cancer 



s and methods 

id system 

DNA library in the pGAD-GH vector (Harmon et al. 
screened in the yeast strain YGH1 {ura3-25, his3-200, 
lys-2-801, trpl-901, leu2-3, Can r , gal4- 542, gal80-538 r 
K,s-goll tata -HIS3, URA3::gall-lacZ). The pGBT-9~ 
nid was cotransfected with the pGAD library plasmid 
idard lithium acetate transfection procedures. Trans- 
were plated on yeast dropout plates lacking leucine, 
m, and histidine. Approximately 3 x 10 6 transfor- 
re screened for growth in the absence of histidine and 
jr (J-galactosidase activity, as a second reporter, using 
lsed assay (Harmon et al. 1993). The library plasmid 
tively recovered by transforming yeast mini prep DNA 
erichia coli MH4 which is leuB ' and therefore selects 
ucine metabolic marker on the pGAD plasmid (Han- 
1993). False-positives were eliminated by screening 
ction with irrelevant proteins (Apc-2) and the empty 
ector. Sequence analysis of the cDNAs encoding the 
ig proteins was performed using Sequenase 2.0 (U.S. 
call according to the manufacturer's specifications. 

Aification and cloning 

aiic RNA was extracted from the Anl cell lines after 
n for 4 hr at 32°C using previously described methods 
et al. 1995; White et al. 1986) and reverse transcribed 
•loney murine lymphotrophic virus reverse tran- 
'GIBCO-BRLl To clone rat Baxa, the complementary 



DNA was resuspended in a total volume of 100 |xl containing 
2.5 units of Taq DNA polymerase (Perkin-Elmer), 20 \lm each of 
dGTP, dATP, dTTP, and dCTP, 50 pmoles of forward primer 
( 5 ' -TAATACCCGGGTATGG ACGGGTCCGGGGAGC-3 ' ) and 
reverse primer ( 5 ' -CGCTGCTCG AGTC AGCCCATCTTCTTC- 
CAGAT-3'), and 1 x reaction buffer. Thirty-five amplification cy- 
cles consisted of denaturation at 94°C for 1 min (first cycle 4 min) ; 
annealing at 58°C for 1 min; and extension at 72°C for 2 min. PCR 
products were size fractionated by 1.2% agarose electrophoresis, 
and the expected 598-bp product was purified, digested with Xmal 
and Xhol, and ligated into the pGAIXiH vector. The insert was 
sequenced to verify that it encoded rBax. The amino acid sequence 
of rBax had 917% identity (95.3% sirrularity) with full length 
hBax and 93.1% identity (96.6% similarity) with BH3 of hBax. 



A 552-bp fragment containing the wild-type E1B 19K open read- 
ing frame was PCR cloned from the pCMV19K expression vec- 
tor (White and Cipriani 1989) into the pGBT-9 plasmid in frame 
with the DNA-binding domain of GAL4. A specific 5' primer 
was used to engineer an £coRI site before the ATG and the M13 
reverse primer served as the 3' primer. The fragment was cloned 
into the £coRI and BamtR sites of the pGBT9 vector. Standard 
PCR reactions were used to construct yeast fusion plasmids 
(Bp3~-Ex3/4' in pGAD-GH and Bp3-Ex3 in pGAD-GH). The 
PCR products were digested with Xmal and Xhol and ligated in 
pGAD-GH. 

cDNAs encoding the E1B 19K missense mutants pm7, pm44, 
pm51, pm87, and pml02 (White et al. 1992; Chiou et al. 1994b) 
were digested with EcoRI and BamHI. The 552-bp E1B 19K mu- 
tant open reading frames were then cloned in frame with the 
DNA-binding domain of pGBT9. Standard PCR techniques 
were used to construct the E1B 19K deletion mutants. The 
primers were designed to include an EcoRI site at the 5' end and 
a BamHl site at the 3' end to clone the fragments in-frame with 
the DNA-binding domain of the pGBT-9 vector. 

To produce the rBax mammalian expression vector pCEP4- 
Myc-rBax, oligonucleotides encoding a Myc epitope tag with 
flanking Kpnl and Xmal sites were annealed with the rbax 
cDNA containing flanking Xmal and Xhol sites and ligated into 
the pCEP4 vector that had been digested with Kpnl and Xhol. 
This placed the Myc epitope tag in frame at the amino terminus 
of rBax. The E1B 19K expression vector pcDNA3-19K was con- 
structed by ligating the 1 9K coding region into the Hindlll site 
of pcDNA3. The orientation of the insert was confirmed by 
digestion with Kpnl. Myc-rBax was also cloned into the Kpnl 
and Xhol sites of pcDNA3 to generate the pT7-Myc-rBax vector 
for in vitro transcription and translation of Bax. The human 
bcl-2 under the control of the 77 promoter was constructed by 
cloning bcl-2 into the EcoRI site of pGEM-2 to generate pGEM- 
2-Bcl-2 (kindly provided by Dr. C Gelinas, University of Med- 
icine and Dentistry of New Jersey. (UMDNJ)). The E1B 19K 
open reading frame and the 19K mutant pm51 were subcloned 
from their respective pGBT-9 plasmids by restriction digestion 
with the EcoRI and Sail into the pGEX-4Tl plasmid to generate 
pGST19K and pGSTpmSl. The 5' EcoRI site maintained the 
frame to read through into a GST fusion protein. For construc- 
tion of the pT719K expression vector, a unique Ndel site was 
created at the ATG of the E1B 19K open reading frame by site- 
directed mutagenesis. A fragment containing the 19K open 
reading frame (nucleotides 1711-2256 of the adenovirus ge- 
nome) was then subcloned into a T7 promoter expression vector 
(generously provided by Drs. O. W. Studier and J. Dunn, 
Brookhaven National Laboratory, NY). The pT719K construct 
also contained a stop codon in the overlapping E1B 55K reading 
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nals generated by simultaneous opposing positive and 
negative forces governing cell cycle progression, or some 
other cause; is not known. Apoptosis has been reported 
to occur preferentially at the Gj/S transition and S in 
some cases (Yonish-Rouach et al. 1993), in any phase of 
the cell cycle in others, or to either precede or follow 
growth arrest. Our data suggest that p53 simultaneously 
activates both the growth arrest and apoptosis pathways 
through the transcriptional activation of p21/Waf-l/ 
Cip-1 and bax genes, respectively (Fig. 8). In situations of 
limiting amounts of Bcl-2 or E1B 19K proteins, the apop- 
totic pathway will be dominant over the growth arrest 
pathway. In Bcl-2 or E1B 19K protein excess (and Bax 
sequestration), the growth arrest pathway becomes ap- 
parent because apoptosis is inhibited (Fig. 8). The rela- 
tionship between apoptosis and the cell cycle in this sit- 
uation may be limited to the causation of p53 accumu- 
lation, perhaps because of the generation of DNA 
damage through aberrant or unregulated DNA synthesis. 
Thus, with the simultaneous activation of both growth 
arrest and apoptosis pathways, apoptosis is dominant 
over growth arrest (Fig. 8). This model would be consis- 
tent with the observation that Bcl-2 and E1B 19K expres- 
sion specifically block p53 -dependent apoptosis while 
preserving the growth arrest function of p53. 

The E1B 19K protein bears a strong resemblance to 
Bcl-2 both in functional assays and in amino acid se- 
quence. The BH1 region in particular is highly conserved 
in the E1B 19K proteins encoded by the 12 adenovirus 
serotypes for which there is sequence information 
(Chiou et al. 1994b). The invariant glycine at codon 87 in 
the adenovirus 2 (Ad2) E1B 19K protein is also invariant 
among members of the Bcl-2 family. Glycine-to-alanine 
substitution at this position causes a loss of the ability to 
inhibit apoptosis in both the E1B 19K and Bcl-2 proteins 
(White et al. 1992; Chiou et al. 1994b ; Yin et al. 1994). 
Interestingly, this same amino acid substitution in ei- 
ther the E1B 19K or Bcl-2 protein prevents interaction 
with Bax, suggesting a common biochemical mechanism 
of action. What was surprising was the identification of 
a third conserved region, BH3, that is sufficient for the 
interaction of Bax with either E1B 19K or Bcl-2. In con- 
trast, the corresponding E1B 19K BH3 is required but not 
sufficient for interaction with Bax. The central con- 
served domain encompassing BH1, BH2, and BH3 of E1B 
19K is the minimal region of E1B 19K sufficient for in- 
teraction with Bax BH3 (amino acids 50-78). When the 
region of the E1B 19K protein that is sufficient for asso- 
ciation with full-length rBax was mapped, however, 19K 
BH3 (amino acids 19-57) could interact weakly, but 19K 
BH3 and rBax BH3 did not interact. Thus, the BH3 region 
of either 19K or Bax may be an interaction domain for 
association with multiple domains (BH1-BH3) on the 
opposite binding partner. Nonsymmetrical interactions 
between the E1B 19K or Bcl-2 and Bax proteins are there- 
fore, likely. Participation of regions outside of BH1 and 
BH2 in interactions between Bcl-2 family members was 
also suggested by the interaction between Bcl-x s and Bel- 
x L . Bcl-x S/ which is a product of a splice variant of the 
bcl-x gene, is missing BH1 and BH2 but can interact with 



and antagonize the function of another alternatively 
spliced product, Bcl-x L , which retains BH1 and BH2 
(Boise et al. 1993; Sato et al. 1994). Perhaps BH3 of Bcl-x s 
confers the ability to interact with BH1-BH3 of Bcl-x L , 
as is the case of the interaction between Bax and E1B 
19K. 

The identification of such a small binding region (BH3) 
that is sufficient for the interaction of Bax with either 
the E1B 19K or Bcl-2 proteins, or for interaction of 19K 
with Bax, may account for the large number of different 
proteins that have been pulled out of yeast two-hybrid 
assays and expression cloning for interaction with mem- 
bers of the Bcl-2 family (Boyd et al. 1994; Farrow et al. 
1995; Takayama et al. 1995; Yang et al. 1995). At least 
one other 19K-binding protein (BP4) that we isolated 
from the two-hybrid screen has sequence homology with 
BH3 (J. Han and E. White, unpubl.). Whether this region 
is responsible for 19K association or this protein has any 
role in the regulation of apoptosis, remains to be deter- 
mined. It is conceivable that such a short sequence (<29 
amino acids) may be represented in multiple proteins 
that may or may not be relevant for apoptosis. Determi- 
nation that proteins interact with members of the Bcl-2 
family in vivo and that the interaction has some physi- 
ological relevance may therefore be imperative. 

Another Bcl-2 family member, Bak, has been shown to 
interact with the 19K protein in yeast two-hybrid assays 
and may act similarly to Bax as an apoptosis regulator 
(Chittenden et al. 1995a ; Farrow et al. 1995; Kiefer et al. 
1995). Bak contains the conserved BH3 region but it is 
not yet known if the binding requirements for 19K and 
Bak are the same as those for 19K and Bax. Bak is not 
detectably expressed in BRK cells, whereas Bax is, sug- 
gesting that the 19K-Bak interaction may not be physi- 
ologically relevant in this cell type but may be important 
in others. 

Bak, like Bax, has a BH3 domain (Fig. 1C). Analysis of 
Bak deletion mutants has shown that retention of the 
BH3 domain is essential for the promotion of apoptosis 
and for interaction with Bcl-x L (Chittenden et al. 1995b). 
Furthermore, expression of a 50-amino-acid segment of 
Bak, including BH3 but excluding BH1 and BH2, was 
sufficient for the induction of apoptosis (Chittenden et 
al. 1995b). Thus, the BH3 domain and sequences in the 
immediate vicinity encode the apoptosis-promoting ac- 
tivity that may act by either interacting with and inter- 
fering with a Bcl-2 -like activity or through possession of 
an effector activity. Presumably Bax functions analo- 
gously. 

The E1B 19K protein has been shown to interact with 
Bax in yeast two-hybrid assays, and both will coimmu- 
noprecipitate when synthesized in vitro. The specificity 
of the 19K-Bax interaction is remarkable in that single- 
amino-acid substitutions at codons 87 (in BH1 ) and 51 (in 
BH3) of the 19K protein abrogate the interaction. In GST 
pulldown assays, in vitro-translated Bax associates with 
19K-GST but not with the BH3 missense mutant pm51- 
GST. More importantly, GST-19K but not GST-pm51 
will act as an affinity resin to isolate Bax from crude cell 
lysates. In GST-19K pulldown assays using | 3S S]methio- 
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nine-labeled extracts, a protein that comigrates with Bax 
is virtually the only protein that was specifically isolated 
based on the ability to interact with the 19K protein. 
Thus, the interaction between the E1B 19K and Bax pro- 
teins is highly specific and can occur in the complex 
milieu of a crude cell lysate. The 19K protein is highly 
insoluble and is only liberated by the presence of ionic 
detergents that would normally destroy protein-protein 
interactions (White et al. 1984; White and Cipriani 
1990). We have therefore not been able to coimmunopre- 
cipitate E1B 19K with Bax (or any other protein) in cell 
lysates. The GST-19K pulldown assays with whole cell 
extracts as a source of Bax may be the only means to 
evaluate the potential for an in vivo interaction. 

In BRK cells Bax appears to be sufficient for the induc- 
tion of apoptosis. By binding to and neutralizing Bax, the 
E1B 19K and Bcl-2 proteins could act as apoptosis inhib- 
itors. E1B 19K and Bcl-2 expression have no measurable 
effect on cell growth or viability, but their activity be- 
comes apparent when Bax is present, suggesting that Bax 
is the effector of cell death. The functional outcome of 
Bax and Bcl-2 expression (cell death vs. protection from 
cell death), however, may depend on the presence of 
other Bcl-2 family members and the nature of the inter- 
actions between them. Presumably, the Bcl-2 family acts 
either directly or indirectly as regulators of the ICE fam- 
ily, and it will be of interest to determine which cysteine 
protease is activated by Bax or inhibited by E1B 19K and 
Bcl-2. Finally, defining the specific interaction domains 
such as BH3 may identify new targets for anti-cancer 
therapy. 

Materials and methods 

Two-hybrid system 

A HeLa cDNA library in the pGAD-GH vector (Hannon et al. 
1993) was screened in the yeast strain YGH1 {ura3-25, his3-200, 
ade2-101, lys-2-801, trpt-901, leu2-3, Can r , gal4-542, gal80-538, 
LYS2::gall uas -gall tala -HlS3, URA3::gall-lacZ). The pGBT-9- 
19K plasmid was cotransfected with the pGAD library plasraid 
using standard lithium acetate transfection procedures. Trans- 
formants were plated on yeast dropout plates lacking leucine, 
tryptophan, and histidine. Approximately 3 x 10 6 transfor- 
mants were screened for growth in the absence of histidine and 
assayed for p-galactosidase activity, as a second reporter, using 
a filter-based assay (Hannon et al. 1993). The library plasmid 
was selectively recovered by transforming yeast mini prep DNA 
into Escherichia coli MH4 which is leuB ~ and therefore selects 
for the leucine metabolic marker on the pGAD plasmid (Han* 
non et al. 1993). False-positives were eliminated by screening 
for interaction with irrelevant proteins (Apc-2) and the empty 
pGBT-9 vector. Sequence analysis of the cDNAs encoding the 
interacting proteins was performed using Sequenase 2.0 (U.S. 
Biochemical) according to the manufacturer's specifications. 

PCR amplification and cloning 

Cytoplasmic RNA was extracted from the Anl cell lines after 
incubation for 4 hr at 32°C using previously described methods 
(Sabbatini et al. 1995 ; White et al. 1986) and reverse transcribed 
with Moloney murine lymphotrophic virus reverse tran- 
scriptase (GIBCO-BRL). To clone rat Baxu, the complementary 



DNA was resuspended in a total volume of 100 \d containing 
2.5 units of Taq DNA polymerase (Perkin-Elmer), 20 jjlm each of 
dGTP, dATP, dTTP, and dCTP, 50 pmoles of forward primer 
( 5 ' -TAATACCCGGGTATGG ACGGGTCCGGGGAGC-3 ' ) and 
reverse primer ( 5 ' -CGCTGCTCG AGTC AGCCCATCTTCTTC- 
CAGAT-3'), and lx reaction buffer. Thirty-five amplification cy- 
cles consisted of denaturation at 94°C for 1 min (first cycle 4 min) ; 
annealing at 58°C for 1 min ; and extension at 72°C for 2 min. PCR 
products were size fractionated by 1.2% agarose electrophoresis, 
and the expected 598-bp product was purified, digested with Xmal 
and Xhol, and ligated into the pGAD-GH vector. The insert was 
sequenced to verify that it encoded rBax. The amino acid sequence 
of rBax had 91.7% identity (95.3% similarity) with full length 
hBax and 93.1% identity (96.6% similarity) with BH3 of hBax. 

Plasmid construction 

A 552-bp fragment containing the wild-type E1B 19K open read- 
ing frame was PCR cloned from the pCMV19K expression vec- 
tor (White and Cipriani 1989) into the pGBT-9 plasmid in frame 
with the DNA-binding domain of GAL4. A specific 5' primer 
was used to engineer an £coRI site before the ATG and the M13 
reverse primer served as the 3' primer. The fragment was cloned 
into the fcoRi and BamHi sites of the pGBT9 vector. Standard 
PCR reactions were used to construct yeast fusion plasmids 
(Bp3-Ex3/4' in pGAD-GH and Bp3-Ex3 in pGAD-GH). The 
PCR products were digested with Xmal and Xhol and ligated in 
pGAD-GH. 

cDNAs encoding the E1B 19K missense mutants pm7, pm44, 
pm51, pm87, and pml02 (White et al. 1992; Chiou et al. 1994b) 
were digested with £coRI and BamHl The 552-bp E1B 19K mu- 
tant open reading frames were then cloned in frame with the 
DNA-binding domain of pGBT9. Standard PCR techniques 
were used to construct the E1B 19K deletion mutants. The 
primers were designed to include an £coRI site at the 5' end and 
a BamHL site at the 3' end to clone the fragments in-frame with 
the DNA-binding domain of the pGBT-9 vector. 

To produce the rBax mammalian expression vector pCEP4— 
Myc-rBax, oligonucleotides encoding a Myc epitope tag with 
flanking Kpnl and Xmal sites were annealed with the rbax 
cDNA containing flanking Xmal and Xhol sites and ligated into 
the pCEP4 vector that had been digested with Kpnl and Xhol. 
This placed the Myc epitope tag in frame at the amino terminus 
of rBax. The E1B 19K expression vector pcDNA3-19K was con- 
structed by ligating the 19K coding region into the HindlTI site 
of pcDNA3. The orientation of the insert was confirmed by 
digestion with Kpnl. Myc-rBax was also cloned into the Kpnl 
and Xhol sites of pcDNA3 to generate the pT7-Myc-rBax vector 
for in vitro transcription and translation of Bax. The human 
bcl-2 under the control of the T7 promoter was constructed by 
cloning bcl-2 into the £coRI site of pGEM-2 to generate pGEM- 
2-Bcl-2 (kindly provided by Dr. C. Gelinas, University of Med- 
icine and Dentistry of New Jersey. (UMDNJ)). The E1B 19K 
open reading frame and the 19K mutant pm51 were subcloned 
from their respective pGBT-9 plasmids by restriction digestion 
with the £coRI and Sail into the pGEX-4Tl plasmid to generate 
pGST19K and pCSTpm51. The 5' £coRl site maintained the 
frame to read through into a GST fusion protein. For construc- 
tion of the pT719K expression vector, a unique Ndel site was 
created at the ATG of the E1B 19K open reading frame by site- 
directed mutagenesis. A fragment containing the 19K open 
reading frame (nucleotides 1711-2256 of the adenovirus ge- 
nome) was then subcloned into a T7 promoter expression vector 
(generously provided by Drs. O. W. Studier and ]. Dunn, 
Brookhaven National Laboratory, NY). The pT719K construct 
also contained a stop codon in the overlapping E1B 55K reading 
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frame from the pMT19K construct (White and Cipriani 1989) to 
prevent expression of other E1B products. 

Antibodies 

Monoclonal antibodies directed against the E1B 19K protein 
were generated by immunizing mice with full-length E1B 19K 
protein purified from E. coli. The pT719K vector was trans- 
formed into the BL21 DE3 E. coli strain, and the 19K protein 
was purified by standard chromatographic procedures. The pu- 
rified protein was used to immunize BALB/c mice, and hybri- 
domas were generated by standard protocols (Harlow and Lane 
1988). The 19K-speciftc hybridoma 2F3 was injected into mice 
to obtain ascites fluid. Polyclonal antibodies directed against 
Bax (N-20) and Bcl-2 (AC-21) were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA). The monoclonal Myc an- 
tibody- 1 was purchased from Oncogene Science, Inc. (Cam- 
bridge, MA). A polyclonal antibody directed against the E1B 19K 
protein (p21) and a monoclonal antibody directed against the 
E1B 55K protein (13D2) have been described previously (White 
and Cipriani 1989; White and Cipriani 1990). The monoclonal 
antibody directed against murine p21/Waf-l/Cip-l was a kind 
gift from Dr. David Hill of Oncogene Science, Inc. (Cambridge, 
MA). An anti-actin monoclonal antibody was purchased from „ 
Amersham Corp. (Arlington, IL). An anti-rBcl-2 (1632-15) poly- 
clonal antibody that also cross-reacts with hBcl-2 was kindly 
provided by Dr. J. Reed (La Jolla Cancer Research Foundation, La 
Jolla, CA). 



In vitro protein interaction assays 

mRNAs encoding human Bcl-2 (pGEM-2-Bcl-2), E1B 19K 
(pcDNA3-19K), and rBax (pcDNA3-rBax) were prepared by in 
vitro transcription. mRNAs were titrated to generate equal 
quantities of translated protein products. The in vitro transcrip- 
tion and translation were performed using a commercial kit 
(Promega). The 35 S-labeled proteins were incubated for 2 hr with 
anti-Bcl-2 (AC21), anti-Bax (N-20), or anti-19K (p21) antibodies 
in immunoprecipitation buffer [50 mM Tris (pH 7.5), 150 mM 
NaCl, and 0.2% NP-40] and washed three times with the same 
buffer containing 0.01% NP-40. The immunoprecipitated pro- 
teins were analyzed on 17% SDS gels. Gels were fixed in 50% 
methanol and 10% glacial acetic acid for 2 hr, dried, and 
scanned using a Phosphorlmager (Molecular Dynamics). 

For fusion protein binding assays, plasmids were transformed 
into BL21 DE3 and induced with 0.5 mM of isopropyl-fJ-D- 
thiogalactoside. A 50-u.l aliquot of culture was analyzed by SDS- 
PAGE to evaluate fusion protein induction. The remaining cul- 
ture was sonicated on ice by using 10 short bursts at 10 sec each 
(Fischer Sonic Dismembranator 3000), clarified by centrifuga- 
tion, and the supernatant was resuspended in 50% (vol /vol) 
glutathione-Sepharose beads (Pharmacia Biotech, Piscataway, 
NJ). An aliquot of the protein bound beads was analyzed by 
SDS-PAGE to ensure equal amounts of pure fusion protein were 
present. 

In vitro binding assays were performed by incubating equal 
amounts of GST, GST-19K, and GST-pm51 (see Fig. 3B), im- 
mobilized onto glutathione-Sepharose beads, with in vitro- 
translated rBax or hBcl-2 proteins diluted in 0.5 ml of NETN 
buffer [20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM EDTA, 0.2% 
NP-40]. The mixture was incubated for 2 hr at 4°C, washed 
three times with NETN buffer, and resuspended in 2 x Laemmli 
buffer. rBax and hBcl-2 proteins translated in vitro were also 
immunoprecipitated with anti-Myc, anti-Bcl-2, or anti-ElB 55K 
antibodies to determine the relative levels of protein produc- 



tion. All samples were boiled for 5 min, and proteins were re- 
solved by 15% SDS-PAGE and analyzed as described above. 

For detection of the E1B 19K and rBax interaction in cell 
ly sates, the El A plus tsp53(val 135 (-transformed cell line Anl 
(Debbas and White 1993) was plated at 95% confluence and 
incubated at the permissive temperature (32°G) for 14 hr. Cells 
were washed with PBS and lysed in 1 ml of cold NETN lysis 
buffer containing protease inhibitors (0. 1 mM phenymethyl sul- 
fonylfluoride, 10 mM benzamidine, 0.1 mg/ml of bacitracin, 1.0 
Hg/ml of pepstatin A, 10 mM sodium bisulfite) for 20 min. Cells 
were centrifuged at 10K for 10 min to remove cellular debris. 
The ly sates were then incubated with GST, GST-19K, and 
GST-pm51 proteins bound to glutathione-Sepharose beads for 
2 hr and washed as described above. Samples were resolved by 
15% SDS-PAGE. rBax was detected by Western blot analysis 
using a Bax-specific polyclonal antibody (N-20). 

Binding assays with labeled cell extracts were performed by 
incubating the Anl cell line at 32°C for 12 hr, with methionine- 
def icient media in the presence of [ 35 S)methionine for 4 hr. The 
cells were lysed in NETN buffer and incubated with GST and 
GST-19K fusion proteins and washed, as described above. Sam- 
ples were resolved by SDS-PAGE and fixed and fluorographed by 
standard procedures. 

Indirect immunofluorescence 

19K1, the E1A plus tsp53(vall35)-transformed BRK line that 
expresses the E1B 19K protein (Debbas and White 1993), was 
plated at 90% confluence at the restrictive temperature (38.5°C1 
and incubated at 32°C for 72 hr. The 19K1 cell line was elec- 
troporated with 10 figof the CMV Myc-tagged Bax expression 
vector (pCEP4-Myc-rBax) and incubated at 32°C. Cells were 
fixed with methanol 48 hr post-transfection and double-labeled 
with an anti-Myc monoclonal antibody at a 1:5 dilution and an 
anti-19K polyclonal antibody at a 1:200 dilution. Antibodies 
were visualized with goat anti-mouse rhodamine-conjugated 
and goat anti-rabbit fluorescein-conjugated secondary antibod- 
ies. 

A TdT assay (Gavrieli et al. 1992) was utilized as an indicator 
of apoptotic cell death. 19K1 cells grown on coverslips were 
incubated at 38.5°C and transfected with 20 ^g of either pCEP4 
vector or pCEP4— Myc-rBax and then incubated for an addi- 
tional 48 hr to permit Bax protein expression. The cells were 
then fixed with 2% paraformaldehyde in PBS followed by 70% 
ethanol and incubated with biotinylated dUTP and TdT (0.3 
enzymatic units /ml, Boehringer Mannheim Biochemicalsl as 
described previously (Gavrieli et al. 1992). Cells were washed 
with 0.125% BSA in PBS, incubated with avidin-FITC, and vi- 
sualized by epifluorescence microscopy. 

Bax functional assays 

To examine Bax function in transient expression assays, the 
pcDNA3-19K construct was cotransfected with pCEP4-Myc- 
rBax into the Anl cell line by electroporation as described pre- 
viously (Chiou et al. 1994a). The amount of transfected 
pcDNA3~19K DNA was fixed at 10 u.g, and was cotransfected 
with 1,5, 10, and 20 \ig of control vector or pCEP4-Myc-rBax 
DNA. The Anl cell line was also transfected with pCEP4-Myc- 
rBax vector alone at the same concentration. The transfected 
cells were incubated at 38.5°C for 60 hr and shifted to 32°C for 
60 hr. The viable cell number was assessed by trypan blue ex- 
clusion. For colony formation assays, the Anl cell line wa* 
transfected with 0.5, 1, and 5 u,g of linerized pCEP4~Myc-rBax 
plasmid by electroporation. Stable cell lines were maintained at 
38.5°C and selected by the addition of hygromycin to the me- 
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dium (2 x 10 6 U/ml of medium), and the foci number was 
determined by Giemsa staining at 21 days post-transfection. 

Northern blot analysis 

Cytoplasmic RNA was extracted from cell lines at the restric- 
tive temperature (38.5°C, 0-hour time point) and after 4 and 9 hr 
incubation at the permissive temperature (32°C) using methods 
described previously (Sabbatini et al. 1995b). Twenty micro- 
grams of cytoplasmic RNA from each cell line was subjected to 
Northern blot analysis. The probes used for Northern blot anal- 
ysis were an oligonucleotide (5'-CTGCAGCTCCATATTGCT- 
GTCCAGTTCATCTCCAATTCGCCGG AG-3 ' ) specific for a 
region within exon 3 of rbax, and full-length cDNAs corre- 
sponding to mouse p21/Waf-l/Cip-l, and 0-dcttn. Northern 
blots were scanned using a Phosphorlmager (Molecular Dynam- 
ics). 

Western blotting 

Cell extracts for Western blot analysis were prepared from sub- 
confluent cultures, and 80 u.g of protein from each cell line was 
analyzed by SDS-PAGE and semidry blotting onto nitrocellu- 
lose membranes by standard procedures. Immune complexes 
were detected by enhanced chemiluminescence (ECL) according 
to the manufacturer's specifications (Amersham). 
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Sax and Bcl-2 are a pair of important genes that control 
programmed cell death, or apoptosis, with Bax being the 
ipo ptosis promoter and Bcl-2 the apoptosis protector, 
vithough the detailed mechanism is unknown, the protein 
products of these two genes form protein dimers with 
each other and the relative ratio of the two proteins is 
believed to be a determinant of the balance between life 
and death. In our preliminary study, we found that K562 
erythroleukemia cells have an extremely low level of 
endogenous Bcl-2 expression and a fairly high level of 
endogenous Bax expression. We constructed Bax and 
Bcl-2 expression vectors and transfected them into K562 
cells. We found that transfection of Bax vector increased 

I die expression of Bax protein; a shortened form of Bax 
also appeared. Cell death analysis using the Annexin V 
assay showed that the Bax vector caused significantly 
more apoptotic cells that the Bcl-2 or pCI-neo vector did. 
After selection with G418, Box, Bcl-2 and pCI-neo 
stably transfected cells were established. These three cell 
lines were examined for their response to the chemother- 
apeutic agents ara-C, doxorubicin, etoposide and SN-38. 
Bax-K562 cells showed significantly higher fractions of 
apoptotic cells than pCI-neo-K562 cells when treated 
with ara-C, doxorubicin or SN-38. No sensitization 
effect was seen when etoposide was used. In contrast, 

| Bcl-2- K562 cells had fewer apoptotic cells than pCI-neo- 
K562 cells after treatment with all these agents. 
Therefore, Bax may sensitize K562 cells to apoptosis 
induced by a wide range of, but not all, chemotherapeutic 
agents. 

. Keywords: Bax; Bcl-2; apoptosis; K562; chemothera- 
1 peutic agents 



1 Introduction 

} Hie efficacy of chemotherapeutic agents depends on 
-heir effectiveness in inducing apoptosis of tumor 
-eils. Different tumor cells respond to different 
chemotherapeutic agents in different ways. Under- 
handing the mechanisms that underlie these different 

i "esponses will aid in the design of specific therapy 
regimens. Studies of the last 10 years have identified 
; he Bcl-2 family as v a key regulator of cell death 
Vang and Korsmeyer, 1996). The Bcl-2 family 
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includes a series of homologous genes, such as Bax, 
Bcl-2, Bcl-X L , Bad and others. The members of the 
Bcl-2 family have yin-yang roles in apoptosis 
regulation. These is strong evidence that Bci-2 
represses apoptosis induced by radiation (Strasser et 
al., 1994), various chemotherapeutic agents (Ibrado et 
aL, 1996; Zhang et al, 1996; Yin and Schimke, 
1996), cytokine depletion (Oltvai et al., 1993) and 
other cytotoxic conditions. It has been shown that 
Bax homodimerizes with itself and that a Bax/Bax 
dimer accelerates programmed cell death under some 
conditions, such as during interleukin-3 (IL-3) 
depletion (Oltvai et al, 1993). Recently, using a 
reverse tetracycline-inducible system, it was shown 
that Bax expression induced apoptosis in Jurkat cells 
(Xian et aL, 1996), Members with opposite functions 
regulate each other by forming complexes with a new 
function. Therefore, the ratio of the levels of Bax and 
Bcl-2 is more important than the steady-state level of 
each individual protein in the cells. However, the 
exact roles played by the Bax protein are rather 
difficult to define, perhaps because Bax also forms 
complexes with other cellular proteins and because 
different cells may tolerate different steady-state levels 
of Bax protein. Along this line, it has been shown 
that Bax protein is expressed in many normal tissues 
(Krajewski et aL, 1994) and that &z;t-transfected 
stable cell lines can be established (Oltvai et al., 
1993). Therefore, it is important to know whether 
Bax can induce apoptosis in cell lines that already 
express high levels of endogenous Bax. 

Bax may also affect the response of cancer cells to 
chemotherapeutic agents and the clinical prognosis of 
cancer patients. Reduced expression of Bax was found 
to be associated with poor response rates to 
combination chemotherapy and shorter survival in 
women who had metastatic breast cancer (Krajewski 
et aL, 1995). Overexpression of Bax sensitized human 
breast cancer cells to radiation-induced (Sakakura et 
aL, 1996) and epirubicin-induced (Wagener et aL, 1996) 
apoptosis. Another study showed that Bax enhanced 
apoptosis in ovarian cancer cell lines, which were 
transfected with Bax gene expression vector, after 
treatment with paclitaxel, vincristine, or doxorubicin 
(Strobel et aL, 1996). 

In this study, we investigated the role of Bax and 
Bcl-2 in the response of K562 erythroleukemia cells to 
cell death induced by a series of chemotherapeutic 
agents. The results suggest that Bax can selectively 
sensitize K562 cells to cell death induced by some 
chemotherapeutic agents. Bcl-2 protects these cells 
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Results 

Bax and Bcl-2 protein expression in transfected K562 
cells 

In a Western blotting survey of expression levels of Bax 
and Bcl-2 proteins in a series of leukemia cell lines, we 
found that Bcl-2 protein expression was very low in 
erythroleukemia K562 cells. In contrast, Bax protein 
was expressed at a high level (Figure 1). This expression 
pattern is rather intriguing to us because K562 cells are 
relatively resistant to apoptosis, which is not consistent 
with the cells' low levels of apoptosis-inhibiting Bcl-2 
and high levels of apoptosis-facilitating Bax. In view of 
the findings that Bax and Bak (another Bcl-2 analogue) 
can inhibit apoptosis under different conditions and in 
different cell lines (Reed, 1997), there is a possibility 
that in K562 Bax may have an apoptosis-inhibitory 
function. However, this expression pattern does not 
necessarily argue against the traditional roles of Bax 
and Bcl-2 in K562 cells: many other factors may 
determine the threshold steady-state levels that would 
affect apoptotic response. For example, K562 cells are 
p53-null and express the bcr-abl oncogene, which was 
shown to inhibit apoptosis (Zhang et al. 9 1994; 
McGahon et at., 1994). To demonstrate the roles of 
Bax and Bcl-2 in the apoptosis response of K562 cells, 
we decide to use a gene transfer technique to modulate 
the expression of Bax and Bcl-2 and analyse for cell 
death in the presence and absence of additional death 
stimuli. Bax and Bcl-2 cDNAs were cloned into the 
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expression vector pCl-neo, and Bax, Bcl-2 and pCI-neo 
control expression vectors were then transfected into 
K562 cells by electroporation. The cells killed by 
electroporation were removed by Ficoll separation 4 h 
after electroporation. Under our electroporation con- 
dition, 40-50% of cells are routinely transfected. Two 
days after electroporation, Bax and Bcl-2 proteins were 
analysed by Western blotting. In itox-transfected K562 
cells, the original form of Bax, which we named Bax(L). 
increased, and a smaller form of Bax, which we named 
Bax(S), appeared. The appearance of Bax(S) is very 
interesting because our previous studies showed that 
this form of Bax was associated with apoptosis in three 
leukemia cell lines (Kobayashi et al. 9 submitted). Bcl-2 
protein expression was very low in K562 cells but was 
clearly detected in J fic/-2-transfected cells (Figure 1). 

Bax modestly induced apoptosis in K562 cells , 

The Bax-, Bcl-2-, and pCI-neo-transfected cells were 
analysed for apoptosis. The Annexin V assay was used 
because of its simplicity and sensitivity in detecting 
early stage apoptosis (Koopman et al., 1994; Martin et 
aU 1995; Boersma et al, 1996; van Engeland et aL 
1996). In this assay, annexin V-FITC binds to 
phosphatidylserine, which during apoptosis is externa- 
lized to the outer cell membrane and is recognizable on 
the cell membrane of only apoptotic cells. The results 
showed that electroporation itself caused background 
levels of apoptotic cells and that pCI-neo vector and 
Bcl-2 vector transfection resulted in only slightly higher 
levels of apoptotic cells, probably because of the toxic 
effect of DNA on the cells. In contrast, jBax-transfected 
cells had twice as many apoptotic cells as cells 
transfected by Bcl-2 vector or pCI-neo control vector 
(Figure 2). The differences in the numbers of apoptotic 
cells were statistically significant. Therefore, elevated 
Bax expression can induce increased apoptosis in K562 
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Figure 1 Expression of Bax and Bcl-2 proteins in transfected 
K562 cells. K562 cells were transfected with Bax, Bcl-2 expression 
vectors or pCI-neo parental vector by electroporation. As a 
control. K562 cells were subjected to electroporation without 
DNA. Forty-eight hours after electroporation, total protein was 
isolated and 20 /xg from each sample was analysed for expression 
of Bax and Bcl-2 on a Western blot. The blot was also analysed 
for expression of actin protein as a control for protein loading. 
Bax(L) migrates as a 21 kDa protein and Bax(S) migrates as a 18 
kDa protein. EP, electroporation 
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Figure 2 Bax induces apoptosis when transfected into 
cells. K562 cells were eiectroporated with pCI-neo, Bax, Bel--- 
Bax + Bcl-2 or without DNA (EP only), cells killed h> 
electroporation were removed by Ficoll after 4 h. The remaining 
cells were cultured for additional 48 h and analysed for apop"* 1 - 
by Annexin V assays. The results are derived from three 
independent experiments 
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fis. However, the results also showed that Bax was 
)t a very potent promoter of apoptosis: less than 50% 
itot-transfected cells were apoptotic. The results 
so showed that Bcl-2, when cotransfected with Bax 
pression vector, inhibited Bax-induced apoptosis. We 
so performed TUNEL apoptosis assays in selected 
geriments. Similar results were obtained (data not 
own), 
r. 

ix sensitizes K562 cells to apoptosis induced by a series 
'^chemotherapeutic agents 

Insistent with Bax being a weak cell death promoter 
ip: K562 cells, Bax stably transfected cells were 
fgtblished after G418 selection. Western blotting 
owed that the Bax(S) was retained in the stable cell 
it. Bcl-2- and pCI-neo-transfected cells were also 
tablished. These cells allowed us to examine whether 
ix can sensitize K562 cells to chemotherapeutic 
;eat-induced apoptosis. The Bax-, Bcl-2- and pCI- 
o-transfected K562 cells were treated with 2 /iM ara- 
*0.4 ^g/ml doxorubicin, 20 //g/ml etoposide or 2 fiM 
^38 (topoisomerase type I inhibitor) continuously 
0 days. On each day of experiment, cells were taken 
|jrn the culture and analysed for apoptosis by 
aaexin V assay. The results in Figure 3 show that 
^transfected cells were more sensitive to ara-C-, 
#mibicin-, and SN-38-induced cell death than were 
l^neo-transfected cells. However, itajt-transfected 
|i were not more sensitized to etoposide. Bcl-2 
^expression repressed apoptosis in all treatments 



used here compared with pCI-neo control vector- 
transfected K562 cells. Bcl-2-K562 cells also had a 
lower percentage of spontaneously apoptotic cells 
compared with Bax-K562 and pCI-neo-K562 cells. 
We should point out that the cells we used in these 
experiments were not individual clones but total 
populations obtained after G418 selection. Therefore, 
the results reflect a true population-average phenom- 
enon. The results were also highly reproducible, and 
except in one instance, differences in the levels of 
apoptosis were statistically significant. 



Discussion 

Since the Bcl-2 family was discovered, identification of 
its many members has snowballed. These members 
interact with each other and regulate the important 
cellular process of apoptosis involved in tissue 
development, homeostasis and tumor cell response to 
chemotherapy and radiotherapy (Y ang and Korsmeyer, 
1996). In this study, we investigated the roles of Bax 
and Bcl-2 in an erythroleukemia cSll line, K562, which 
is p53-null. We were interested in this cell line because 
K562 cells have very low levels of endogenous Bcl-2 
and abundant expression of endogenous Bax protein, 
despite the cells' noted resistance to many chemother- 
apeutic agents and radiation (McGahon et al., 1994; 
Kobayashi et al., 1995). Although the lack of p53 and 
presence of bcr-abl may contribute to the highly 
resistant nature of K562 cells, it is also possible that 
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figure 3 Bax sensitizes K562 cells to apoptosis induced by ara-C, doxorubicin and SN-38, but not by etoposide. After 
t electroporation with Bax, Bcl-2 or pCI-neo vectors, K562 cells were continuously cultured for more than 4 weeks in the presence of 
-?G418 to establish stable cell lines, K562-Bax, K562-Bcl-2 and K562-pCI-neo. These three cell lines were cultured in the presence of 

chemotherapeutic agents ara-C, doxorubicin, SN-38 or etoposide. At different treatment time, cells were taken and analysed for 

apoptosis by Annexin V assays. Results from three independent experiments were shown 

:{ 
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Bax and Bcl-2 play nontraditional roles in apoptosis 
regulation in these cells. Reports showed that Bcl-2 
indeed can promote apoptosis in some cases and that 
the apoptosis facilitator Bak can inhibit apoptosis in 
certain situations (Reed, 1997). Apoptosis is accom- 
panied by a loss of membrane phospholipid integrity, 
resulting in the externalization of phosphatidylserine to 
the cell surface. The fluorochrome conjugated protein 
Annexin V binds to phosphatidylserine on the cell 
surface, this binding can be detected by flow cytometry, 
which renders this assay a sensitive method to analyse 
apoptosis (Koopman et al. 9 1994; Martin et al, 1995; 
Boersma et a/., 1996; van Engeland et al., 1996). 
Therefore, the Annexin V assay was the method of 
choice in the present study. Our analysis using a gene 
transfer system demonstrated that Bax overexpression 
can modestly induce apoptosis of K562 cells and can 
sensitize K562 cells to cell death induced by some 
chemotherapeutic agents. 

In a study using a reverse tetracycline system, it was 
recently demonstrated that Bax expression alone, 
without additional death stimulus, can induce apopto- 
sis in Jurkat cells (Xian et at., 1996). Parental Jurkat 
cells express a very low level of endogenous Bax 
protein. The K562 cells we used in this study express 
high levels of endogenous Bax protein; nevertheless, 
further Bax overexpression induced apoptosis. It thus 
appears that only when Bax is expressed over a 
threshold can apoptosis be induced, and that thresh- 
old seems to differ from cell line to cell line. 

It was recently reported that Bax overexpression 
sensitized human ovarian tumor cells to paclitaxel, 
vincristine and doxorubicin, but not to carboplatin, 
etoposide and hydroxyurea (Strobel et al, 1996). In the 
present study, we used ara-C, doxorubicin, etoposide 
and SN-38. We also found that Bax overexpression 
failed to sensitize K562 cells to etoposide-induced 
apoptosis. These findings suggest that the sensitization 
effect of Bax is not universal but selective. One 
intriguing aspect is that this selectivity is not 
necessarily dependent on the chemotherapeutic agent 
used. For example, two studies reported that Bax does 
sensitize cells to etoposide-induced apoptosis. Bax 
antagonized Bcl-X L during etoposide- and cisplatin- 
induced cell death in the murine IL-3-dependent cell 
line FL5.12 (Simonian et al, 1996a), and Bax 
deficiency promoted resistance in doxorubicin-, etopo- 
side- and cisplatin-induced apoptosis in mouse 
embryonic fibroblasts derived from p53 and bax 
knockout mice (McCurrach et al., 1997). However, in 
those reports, murine cell lines were used. It remains 
unclear whether Bax overexpression has different 
effects of the etoposide-induced apoptosis of human 
and murine cells. 

In our experiment, Bax overexpression did not 
sensitize K562 cells to etoposide. However, Bcl-2 
overexpression protected K562 cells from etoposide- 
induced apoptosis. This result provides an argument 
that Bax does not counteract every aspect of Bcl-2- 
regulated apoptosis and that Bax and Bcl-2 have 
independent mechanisms regulating apoptosis. It is also 
conceivable that other apoptosis-promoting members 
of the Bcl-2 family may counteract Bcl-2 in the 
regulation of etoposide-induced apoptosis. By the 
same token, protein dimerization among Bcl-2 family 
members is not the only mechanism through which 



apoptosis regulation occurs. It has been reported thai 
Bax antagonizes Bcl-X L during drug-induced cell death, 
independent of its heterodimerization with Bcl-X l 
(Simonian et ai, 1996a). A recent report showed that 
Bax homodimerization is not required for Bax to 
accelerate chemotherapy-induced cell death (Simonian 
et ai, 1996b). Further study into the regulation of 
apoptosis induced by different chemotherapeutic agents 
may help dissect the molecular pathways through 
which members of the Bcl-2 family communicate to 
coordinate the cell death process. 

Materials and methods 

Cell culture 

K562 erythroleukemia cell line was obtained from the 
American Type Culture Collection (Rockville, MD). K562 
cells were maintained in RPMI 1640 medium supplemented 
with 10% fetal calf serum in a 37°C incubator containing 
5% C<3 2 . 

DNA transfection 

Bax and Bcl-2 expression vectors were prepared b\ 
inserting Bax or Bcl-2 cDNA into the EcoRl cloning site 
of the pCI-neo vector (Promega). Electroporation was used 
to transfect expression plasmids into K562 cells, under the 
conditions described previously (Zhang et ai, 1994). Four 
hours after electroporation, cells killed by electroporation 
were removed by Ficoll. For stable transfection, cells were 
selected in medium containing 0.8 mg/ml G418 (Life 
Technologies Inc.) for 4 weeks. 

Treatment of stable cell lines with chemotherapeutic agents 

Stable cell lines of K562 cells transfected with Bax, Bel-: 
or pCI-neo vector were treated by continuous exposure to 
0.4 /ig/ml doxorubicin (Ben Venue Laboratories, Inc.. 
Bedford, OH), 2 /*M cytosine /?-D-arabinofuranoside (ara- 
C) (Sigma Chemical Co., St. Louis, MO), 20 /ig-n» 
etoposide (Bristol-Myers Squibb Co., Princeton, NJ) or 
2 uM SN-38 (active agent of CPT-1 1, a topoisomerase type 
I inhibitor) (Yakurt Inc., Tokyo, Japan). 

Western blotting 

Total cellular protein was extracted and analysed ^ 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) as described previously (Zhang et aL. l" 4 ' 
After being transferred to an lmmobilon membrarn 
(Millipore, Bedford, MA), the proteins were incubaiw 
overnight with antibodies against Bcl-2 (Dako Co.)- Ba v 
(Krajewski et aL, 1994), p53 (Ab-6) (Oncogene Science'- 
and actin (Ab-1) (Oncogene Science). The levels of proteij 
were analysed using the enhanced chemiluminescen^ 
system (Amersham Corp.) according to the manufaciurer * 
instructions. 

Apoptosis analysed by Annexin V assay 

Cell suspensions at a concentration of 4x 10 6 were s ta, "£ 
with Annexin V-FITC conjugate (Nexins Research. ^ * 
Netherlands) in calcium-containing binding buffer a ~ 
dilution of 1:100. After 30 min of incubation on ' ice - r 
were acquired on a FACScan flow cytometer (Bee . 
Dickinson, Santa Cruz. CA) at 488 nm laser excitation 
emission acquired at FL1. Data was analysed using 
Lysis II Software (Becton Dickinson). 

Statistical analysis 

f-values were determined by Student's / test. 
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Transfection of C6 glioma cells with the box gene and 
increased sensitivity to treatment with cytosine arabinoside 

Michael A. Vogelbaum, M.D., Ph.D., Jianxin X. Tong, M.D., 

Rvlji Higashikubo, Ph.D., David H. Gutmann, M.D., Ph.D m and Keith M. Rich, M.D. 

Department of Neurological Surgery and Neurology, and Radiology, Washington University School of 
Medicine, St. Louis, Missouri 

Object Genes known to be involved in the regulation of apoptosis include members of the bcl-2 gene family, such 
as inhibitors of apoptosis {bcl-2 and bcl-xt) and promoters cf apoptosis (box). The authors investigated a potential 
approach for the treatment of malignant gliomas by using a gene transfection technique to manipulate the level of an 
intracellular protein involved in the control of apoptosis. 

Methods. The authors transfected the murine box gene, which had been cloned into a mammalian expression vec- 
tor, into the C6 rat glioma cell line. Overexpression of the box gene resulted in a decreased growth rate (average dou- 
bling time of 32.96 hours compared with 22.49 hours for untransfected C6, and 23. 1 1 hours for clones transfected with 
pcDNA3 only), which may be caused, in part, by an increased rate of spontaneous apoptosis (0.77 ±0.15% compared 
with 0.42 ± 0.08% for the vector-only transfected C6 cell line; p = 0.038, two-tailed Student's t-test). Treatmeri^With 
j m-M cytosine arabinoside (ara-C) resulted in significantly more cells undergoing apoptosis in the cell line oyerex- 
pressing box than in the vector-only control cell line (23.57 ± 2.6% compared with 5.3 ± 0.7% terminal deoxynu- 
cleotidyl transferase-mediated biotinylated-deoxyuridine triphosphate nick-end labeling technique-positive cells'; p = 
0.007). Furthermore, measurements of growth curves obtained immediately after treatment with 0.5 uAl ara-C demon- 
strated a prolonged growth arrest of at least 6 days in the cell line overexpressing box. f 

Conclusions. These results can be used collectively to argL-e that overexpsession of box results in increased sensi- 
tivity of C6 cells to ara-C arid that increasing box expression may be a useful strategy, in general, for increasing the 
sensitivity of gliomas to antineoplastic treatments. 

Key Words • apoptosis • chemotherapy • brain tumor • bcl-2 gene family • 
gene therapy • cell cycle • rat 



The prognosis for patients with malignant gliomas 
remains dismal, a fact that has sustained interest 
in the development of new therapeutic strategies. 
Multiple chemotherapeutic agents have been directed at 
interrupting processes vital for cell cycle progression and/ 
or cellular growth and proliferation, but recently interest 
in the ability of these agents to induce programmed cell 
death (apoptotis) in tumors has increased. 18 However, gli- 
omas are resistant to most chemotherapeutic agents. An 
increased understanding of the genes involved in the 
regulation of apoptosis has led to the hypothesis that 
dysregulation of apoptosis underlies tumor development, 
progression, and chemoresistance 819 * 36 and that therapies 
directed at altering the levels of expression cf these genes 
may mediate and/or potentiate the effects of commonly 
used chemotherapeutic agents. 4,10 - 19 - 38 

The bcl-2 gene family is composed of a group of relat- 
ed genes that either promote or prevent apoptosis. 52534 
Members of the family include genes such as bcl-2, 
which is antiapoptotic, and box, which is proapoptotic. 
Another bcl-2 gene family member, bcl-x, produces two 
transcripts, bcl-x L (long), which is antiapoptotic, and bcl- 
x s (short), which is proapoptotic. These various proteins 
share significant homology and form either hetero- or ho- 
modimers. Heterodimerization of BCL-2 and BAX in- 



hibits apoptosis, whereas homodimerization of BAX pro- 
motes apoptosis. The ratio of expression of pro- and anti- 
apoptotic genes likely determines whether a cell lives or 
dies after an insult. 24 Overexpression of bcl-2 or bcl-x pro- 
tects cells from apoptosis after a number of different in- 
sults, 810 whereas overexpression of box renders cells more 
sensitive to apoptosis-inducing stimuli. 4 - 32 * 38 Similarly, loss 
of bcl-2 ox bcl-x can result in excessive apoptosis during 
development,, whereas loss of box can prevent apopto- 
sis."' 5 " • . . 

The molecular characterization of gliomas has revealed 
a number of abnormalities, such as p53 mutations, ampli- 
fication of the epidermal growth factor receptor, and over- 
expression of ra5. 235 : 37 However, there are no data sup- 
porting the , role of mutations or dysregulation of bcl-2 
gene family members in the pathogenesis or progression 
of these tumors. A recent study of human gliomas noted 
an association between wild-type p53 and bcl-2 overex- 
pression, whereas in most cases gliomas with mutant p53 
did not show bcl-2 overexpression. 1 The only study direct- 
ed at screening for box gene mutations was negative. 9 
However, gliomas are sensitive to manipulations of the 
levels of expression of bcl-2; several investigators have 
shown that production of bcl-2 overexpression in glioma 
cell lines protects them from different types of apoptosis- 
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inducing stimuli. 1723 -* 9 The effect of bax overexpression in 
gliomas has not yet been characterized. 

Gene transfection strategies directed at treating glio- 
mas have included overexpressi n of p53 or s-Myc, tumor 
n ciosis factor-a, p21 wur|/cn \ interleukin-1 (Converting 
enzyme, antisense glial fibrillary acidic protein comple- 
mentary DNA, and viral thymidine kinase. 3 11 M In 
general, these manipulations have slowed tumor growth, 
and in one study, adenovirus-mediated transfection of p53 
caused spontaneous apoptosis in three of six tumor lines 
examined. 11 Initial reports of experiments with bax over- 
expression in breast and ovarian carcinomas have demon- 
strated dramatic increases in sensitivity to chemothera- 
peutic agents. 4 - 32 - 38 

The rat C6 glioma cell line, like most malignant gli- 
omas encountered clinically, is resistant to DNA-dam- 
aging treatments. The C6 glioma cells typically do not 
undergo apoptosis even after exposure to high doses of 
cytosine arabinoside (ara-C) or ionizing radiation. Thus, 
C6 is a reasonable glioma cell line in which to test the 
hypothesis that overexpression of box alone is sufficient to 
increase sensitivity to an apoptosis-inducing stimulus. In 
this report, we describe the effect of box overexpression in 
C6 cells. Our findings have led us to suggest that manip- 
ulation of the relative levels of bcl-2 family members may 
be a useful strategy for increasing the sensitivity of gli- 
omas to conventional chemotherapeutic agents. 

Materials and Methods 

Generation of& Stable Cell Line Overexpressing Murine bax 

The murine bax gene was cloned into the pcDNA3 mammalian 
expression vector and transfected into the Co rat glioma cell line 
with a cationic lipid reagent as recommended by the manufacturer. 
Murine bax codes for a protein that has more than 98% homology 
to rat BAX. Transfected cells were grown and selected in the pres- 
ence of G418 (500 mg/mt) for 10 to 14 days prior to the isolation of 
individual clones, and 12 clones were expanded. Clones overex- 
pressing BAX were identified by Western blot analysis. Simul- 
taneously, we created lines of C6 cells transfected with the pcDN A3 
vector only (C6.pcDNA3). We tested several C6.pcDNA3 clones 
that have growth characteristics similar to untransfected C6 and 
selected one for use as a control line (C6.pcDNA3. 10) in the exper- 
iments described in this report. The C6.pcDNA3.10 line demon* 
strated the same growth rate and resistance to chemotherapy as the 
parent C6 cell line. The C6 cells were maintained in standard medi- 
um consisting of Dulbecco's modified Eagle's medium with 15% 
newborn bovine serum, 0.6% neomycin, 2 mM L-glutamine, and 
penicillin/streptomycin (100 u-g/mi). Clones were maintained in the 
same medium plus G418 (500 mg/ml). AH experiments were per- 
formed in G4 1 8-free medium. 

Assessment of Proliferation 

We used a modified version of a previously described colorimet- 
ric assay to measure growth curves. 31 Cells were plated onto 96-well 
microplates at a density of 1000 cells per well in 200 u.1 of medium. 
, Individual plates were used for each time point, with three to five 
wells plated for each cell type and treatment condition. After treat- 
ment, the cells in each plate were fixed with 4% paraformaldehyde 
in phosphate-buffered saline (PBS) at intervals ranging from 0 to 48 
hours. After fixation, plates were washed with PBS, stained with 
1% crystal violet for 4 hours, washed with distilled water, and 
all wedt air dry. The crystal vi let was solubilized with 200 u,l of 
1% sodium dodecyl sulfate (SDJ5) per well. Optical density (OD) 
was determined with the aid of a microplate reader with absorbance 
read at 570 nm. The ODs were averaged for each cell type and time 
point. We verified the accuracy of this assay independently and 



determined its accurate working range by comparing assessments of 
cell number made using the colonmetric assay with those made 
using traditional cell counts. 

Determination of Doubling Time 

Data obtained from the proliferation assay were fined with a log- 
arithmic regression (y = b*m\ where y = OD reading and x = time). 
The coefficients b and m were determined by using a commercially 
available curve-fitting program. The doubling time was calculated 
by the following formula: Doubling Time = ln(2)/ln(m). 

Quantitative Assessment of Apoptosis 

We used two techniques to assess evidence of apoptosis. The 
presence of chromatin condensation was determined tn cells plated 
on 35-mm plastic petri dishes modified for ultraviolet (UV) illumi- 
nation; a glass coverslip was glued over a 15-mm diameter hole 
made in the center of the dish. Celts were fixed in 4% paraformalde- 
hyde, washed with PBS, and stained with to-benzamide, a fluo- 
rescent DNA-binding dye. The cells were viewed at 345/460-nm 
wavelengths with a fluorescent microscope equipped with a UV fil- 
ter, and die number of cells showing chromatin condensation were 
counted. Cells that demonstrated several clumps of densely co- 
alesced nuclei were counted as apoptotic, and nuclear fragments 
that were not associated with cytoplasm, when viewed under phase- 
contrast light microscopy, were not counted." Three random X 200 
fields were counted in this manner. Phase-contrast microscopy was 
used to determine the total cell count for each field examined, and 
the percentage of cells demonstrating chromatin condensation, was 
calculated. ' ;a . 

Cells were also stained by using terminal deoxynucleotidyl trans- 
ferase-mediated biotinylated-deoxyuridine triphosphate, nick~end 
labeling (TUNEL). This assay reveals nuclei undergoing DNA frag- 
mentation in a manner specific for apoptosis. Cells were washed 
with PBS and fixed with 4% paraformaldehyde in PBS for 1 hour, 
after which they were washed with PBS and blocked for 15 minutes 
in proteinase K. Prelabeling and labeling were performed with a 
commercially available TUNEL kit, which was used according to 
the manufacturer's instructions. FluoroLink Cy3-Streptavidin^was 
added at a dilution of 1 : 1000 and the samples were incubated in the . 
dark for 20 minutes, washed with PBS, and viewed with the aid of 
a UV light-equipped microscope. 

Western Protein hnmunoblotting : ' 

Cells that were in the growth phase were washed twice in ^BS, 
scraped, and pelleted. The cell pellet was lysed in RIPA buffer (0.15* 
M NaCl; 0.01 M Tris, pH 7.5; 1% Triton X.100; 1% Na de- 
oxycholate; 1% SDS; 0.(K>t% eihylenediamine tetraacetic acid) 
containing the protease, inhibitors aprotinin (1:100) and leupeptin 
(1:100) and incubated on ice for 20 minutes. The cells were centri- 
fuged again and the supernatant was transferred to a fresh micro- 
centrifuge tube. The total protein concentration of each protein 
lysate was determined by using a modified Bradford reaction. Equal 
amounts of protein (50 jtg) from each lysate were denatured in 2 X 
Laemmli buffer and loaded on a 15% SDS-polyacrylamide gel for 
SDS-polyacrylamide gel electrophoresis (PAGE) with appropriate 
protein standards loaded in one well. After electrophoresis, the pro- 
teins were transferred onto Immobilon-P membranes. Each mem- 
brane was blocked in nonfat milk (5%) in Tris-buffered saline (20 
mM Tris, pH 7.5; 150 mM NaCl) with 0.05% Tween, and blotted 
with a primary antibody against BAX (#651, 1:500 dilution, fol- 
lowed by an anti-rabbit immunoglobulin G horseradish peroxi- 
dase-labeled secondary antibody (1:50(X)). The reactibn was devel- 
oped by means of a chemiluminescence reagent and exposed oh 
autoradiography film. Bands were digitized and integrated densities 
were determined by means of commercially available software. The 
anti-BAX antibody used does not cross react with BCL-2 or BCL- 
X (S Korsmeyer, personal communication, 1996). ; 

Fluorescence Analysis 

A monolayer of cells was fixed in cold 70% ethanol for at least 2 
hours. After PBS washes, the cells were treated with RNase A ( 100 
u,g/ml in PBS) for 30 minutes at room temperature. Cells were 
stained with propidium iodide at a final concentration of 25 u,g/ml 
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A. 



— Bax 



TABLE 1 

Doubling times of selected clones ofC6 glioma cells 



C6 1 2 4 5 6 7 8 
1 

C6.Bax Clones 



B. 




— Bax 

— Tubulin 



I 

C6 



I 

C6.Bax.7 



C6.pCDNA3.10 

Fig. 1. Western blot gels showing BAX expression. A: Ex- 
ample of a blot used to screen BAX expression in transfected 
clones. Each lane was loaded with 50 jig of protein. The highest 
levels of BAX expression were seen in clones C6.Bax.4 and 
C6.Bax.7. B: Quantitative analysis of BAX expression by un- 
transfected C6 and G6 cell lines transfected with vector only 
(C6.pCDNA3,lO) or with the vector containing the murine bax 
gene (C6.Bax.7). Equivalent amounts of protein (50 jxg) were 
loaded in each lane and the blots were probed for BAX and tubu- 
lin. Note the similar expression of tubulin in each cell line and 
overexpression of box in C6.Bax.7. £ 



for 1 hour. Ceil cycte analysis was conducted on a fluorescence- 
activated cell sorter (FACS) 440 flow cytometer interfaced to a data 
acquisition/analysis system. The resulting DNA histograms were 
analyzed for their ceil phase distribution with the aid of commer- 
cially available software, f 

Sources of Supplies and Equipment 

The pcDNA3 mammalian expression vector was purchased from 
Invitrogen, Carlsbad, CA, and the cationic - lipid nerigent (tipo- 
fectamine) and standard medium from Life Technologies, Grand 
Island/ NY: The curve-fitting program (Microsoft Excel) was ac- 
quired from Microsoft Corp., Redmond, WA. The &tf-benzamide 
(Hoechst 33258) was purchased from Molecular Probes; Eugene, 
OR. The TUNEL kit was obtained ffem TreVigeh, Gaitherkburg, 
MD, and the RuoroLink.Cy3-Snieptavidin, protein'standards, and 
ECL chemiluminescence reagent were purchased from i Amersham 
international, Buckinghamshire, England. ; \ ; j v 

The UV light-equipped microscope was purchased from Nikon, 
Tokyo, Japan. The test kit for the Bradford reaction was purchased 
from Biorad, Inc., Hercules, CA. The \imobilon-P membranes 
were acquired from Millipore, Bedford MA. The secondary anti- 
body and autoradiography film were obtained from Caltag, Bur- 
lingame, CA, and Eastman Kodak, Rochester, NY, respectively. 
The FACS 440 flow cytometer was purchased from Becton Dic- 
kinson, Mountain View, C A; the CICERO data acquisition/analysis 
system from Cytomatiori, ForT Collins, CO; and the MCYCLEAV 
distribution analysis software from* Phoenix Flow -Systems* San 
Diego. CA.» Unless otherwise noted, all reagents were purchased 
from Sigma Chemical Co., St. Louis, MO. . 

Results 

Generation of Clones With Stable Overexpression of BAX 

We transfected C6 cells with the full-length murine bax 
gene cloned into the pcDNA3 vector or with the pcDNA3 



Clone 



Doubling Time (hrs) No. of Wells* 



C6 (parent) 


22.49 


5 


C6.pcDNA3.2 


22.74 


5 


C6.pcDNA3.3 


24.94 


5 


C6.pcDNA3.7 


22.46 


5 


C6.pcDNA3.10 


23.08 


5 


C6.Bax.4 


32.51 


3 


C6.Bax.7 


33.42 


3 



* Number of microplate wells tested at each time point. 



vector alone. Lysates from 12 independent clones derived 
from the transfection with the vector containing the bax 
gene were analyzed by SDS-PAGE/Western blotting with 
an antibody against BAX. A total of five clones demon- 
strated bax overexpression. Figure 1 A shows an example 
of a Western blot test used to screen for BAX expression; 
two clones (C6.Bax.4 and C6.Bax.7) showed relatively 
high levels of expression. In Fig. IB, BAX expression in 
one of these clones (C6.Bax.7) is compared with that 
demonstrated by the parent C6 ceH fine and with a cell line 
transfected with the vector only (C6.pcDNA3:10). Tu- 
bulin expression was used to verify that equal amounts of 
protein were loaded in each lane. Bands were digitized, 
analyzed by means of the NM Image software, and a 
B AX/tubulin ratio was calculated for each lane (C6:0.30: 
C6.pcDNA3. 10:0.35; C6.Bax.7:0.65). Hence, BAX was 
expressed at levels more than twofold greater in the 
C6.Bax.7 cell Mm thafk in the parent C6 line. This blot is 
representative of several blots performed with separate |y- 
sates; in all cases BAX expression was at least twofold 
greater in the transfected cells. \£ 

Overexpression of bax and Growth Rate of C6 Glioma f > 
Cells £ 

The growth rates of two clones overexpressing BAX 
(C6.Bax.4 and C6J$ax .7), four vector-only cbntrol lines; 
and the parent C6 line: were assessed by means of the 
microplate growth assays (Fig. 2). Doubling time 4 was de- 
termined by fitting a logarithmic function to each growth 
curve (Table 1 ). The doubling time for the C6 cell line was 
22.49 hours (r = 0.96) and for the vector-only control lines 
it ranged between 22.46 and 24.94 hours (23.31, ± 1.11 
hours [mean ± standard deviation {SD)], r= 0.95^0.99). 
The doubling time for two of the cell lines overexpressing 
bax was 32.51 (r = 0.93 [C6.Bax.4J) and 33.42 hours (r = 
0.98 [C6.Bax.7]). Hence, both lines overexpressing the 
to gene had slower growth rates than the parent C6 and 
the vector-only control lines, 1 which had similar growth 
rates. ; \ ' " v ' • " ' ; '^i v \' ; :*; t Y* 

Ceii cycle analysisof the two lines revealed no signifi- 
cant differences in the percentage of dells in the G h S, or : 
GVM phases (Table 2). Examination of untreated C6.- 
Bax.7 and C6.pcDNA3. 10 cells stained using the TUNEL 
protocol revealed nearly twice as many TUNEL-positive 
C6.Bax.7 cells as C6.pcDNA3.10 cells (0.77 ± 0.15% 
compared with 0.42 ± 0.08%, respectively; p = 0.038, 
two-tailed Student's t-test). The similar cell cycle profiles 
of these two lines together with the increased rate of spoh- 
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; Fig. 2- Graph showing growth curves of C6 cells and C6 clones iraiisfected with vector jOnly or with vector contain- 
ing the to gene. Individual points were determined by means of a colorirnetric assay. Each point represents the mean ± 
SD of five welts for the C6 and vector-only clones and the mean ± SD of three wells i or the clones transfected with box. 
Zero hour is the first time point for cell measurement, usually 24 hours after plating. Cells were examined in. the expo- 
nential growth phase. By 72 hours of growth, a distinct difference in growth rates was observed between the clones trans- 
fected with box and those transfected with vector only or untransfected. • 



taneous apoptosis indicate that the difference in doubling 
time may be caused in part bya higher rate of spontaneous 
apoptosis in the box transfected cell line. 

Sensitivity to Treatment With Ara-C 

Wetreated C6,Bax.7 and C6.pcDNA.lO ceHs with ara- 
C fiir ?£feoars at doses ranging from 0. I to 5,|xM and then 
assayed them for the occurrence of apoptosis with 
TUNEL staining or by applying morphological criteria 
after staining with Ws-benzamide, Treatment of the C6. 
pcDNAllOand C6.Bax.7 cells with 5>M ara-C resulted 
iii near-total cell loss in both clones, whereas treatment 
with 0.1 >M ara-C did not induce apoptosis in either 
clone. Treatment with 0.5 or 1 \iM ara-C caused a large 
percentage of C6.Bax.7 cells to undergo apoptosis. In 
contrast, the same doses .rarely caused apoptosis in. 
C6.pcpNA3.10 cells (Fig. - 3). The percentage of cells 
undergoing apoptosis after treatment with 0.5 or 1 yM 
ara-C was determined by calculating the fraction of 



TAEILE2 , 
Cell cycle analysis of vector-only and baX'transfectediC6 cells 



Phase (%) ; 


C6.pcDISTA3.IO 


C6.Bax.7 


c. 


54.6 


55.3 


s ;\. 


12.3 


13.1 




33.1 


31.6 



TUNEL-positive cells in each low-power field examined 
(Fig. 4). These results demonstrate that overexpression of 
bax results in a more than fourfold increase in apoptosis 
(23.57 ± 2.6% compared with 5.3 ± 0.7% [mean ± SD], 
p = 0.007) after treatment witK I u.M ara-C. * 

. Impairment 'Growth in Glioma Cells Overexpressing 

BAX ■■ — - ■ ••/-" ' - — -* ■ — 

To examine further effects of ara-C on the prolifer- 
ation of glioma cells overexpressing BAX, we measured 
growth curves after >>2 hours iof treatment with ara-C; 
Cells were; plated/allowed to attach for 24 hours and treat- 
ed with 0.5 |xM ara-C. After 72 hours/the cells were 
washed with fresh medium to remove the ara-C. The cells 
were allowed to grow" for 1 week, during which time 
proliferation was measured by means of the microplate 
assay. Hence, proliferation was assessed prior to treatment 
(which was used to, normalize the assay for each clu!ie), 
immediately following treatment, and at 48-hour intervals 
thereafter. Figure 5 shows that the C6.pcDNA3.I0 cells 
continued to grow during treatment with and after Wash- 
out of ara-C. In contrast, the C6.Bax.7 cells had a pro- 
longed impairment of growth lasting more than 6 days 
after washout of ara-C. We assayed for the presence of 
apoptosis in these cells at 72 hours and 6 days after wash- 
out of ara-C, but saw only rare TUNEL-positive cells. The 
FACS analysis of these cells revealed a highly disturbed 
cell cycle pattern from which no clear picture of G, or G 2 
arrest could be determined. 
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vector containing the 

the TUNEL protocol (A and C), ^ * B 
and D), which stains all nuclei but allows for identification i of a^ptouc nuclei^ 
" were viewed at X 200 magnification with the aid of a microscope equipped with :fiubrescent Coptics. Treatment of 
1 *C6:pcDNA3. 10 with ara-C produces only occasional TUNEL-positive cells (A) or chromatin condensation with 6/5-ben- . 
zamide (B). Staining reveals most nuclei to be intact; in only the occasional cell is there fragmentation typical of chro- 
matin condensation. C: In contrast, many TUNEL-positive C6.Bax.7 cells are seen after treatment with ara C. D: The 
same cells as in (C) stained with £«-benzamide showing multiple nuclear fragments consistent with the frequent occur- 
! rence of chromatin condensation. Arrowheads point to examples of chromatin condensation revealed by staining with 
, . fe : benzamide (B and D). v ' • *' • 



vy , ^ r • Discussion" , 

'S ...0uiCstu4y:iShows that overexpression of bax in a rat 
^ glipma cell line results in significantly increased sensitiv- 
ity to treatment with ara-C, which is a DNA-intercalatitig 
agent that has been used frequently in clinicalcheinother- 
apy protocols. JPrevious work in our Juratory has shown 
that;untransfected C6 cells dp not undergo apoptosis after 
\ treatment vyith,even high doses of ara-C. Other investiga- 
torsdjiaye noted [.'that bax overexpression in ovarian* and 
J-y vbreasH^ic^inornas has, resulted; in a similar increase 
^: in s sensitivity to a variety of apoptosis-inducing stimuli, 
interestingly; chemotherapy-induced apoptosis after box 
overexpression does not necessarily require the presence 
; of functional p53,- 2 which makes box overexpression 
$ an attractive therapeutic modality because up; to 50% of 
r malignant gliomas have mutations of p5i.- 8 M f 7 

The slowing of the growth rate and slight increase in the 
rate of spontaneous apoptosis of the tumor lines overex- 
pressing bax are in contrast to a previous report that box 
overexpression without any subsequent treatment was in- 



sufficient to cause an increase in the rate of spontaneous 
tumor cell deaths However, that conclusion was based on 
an examination of trypan blue exclusion jdata only and did 
not irivblve direct determination of tumor cell growth 
rates; In. another study, iwx-transfected cells implanted 
into SCID mice without any additional treatment showed 
a reduced rate of tumor formation. 4 Our finding of a small 
but statistically significant increase in the rate of sponta- 
neous apoptosis in untreated glioma cells overexpiessing 
bax (Fig. 4) may tie sufficient to explain the difference, in 
growth rates over^Sa lpng period of time. However, pur 
experimental paradigm did not allow us to examine direct- 
ly whether ^ overexpression alone, is sufficient to cause 
apoptosis; we do riot think that the, small increase in the 
rate of spontaneous apoptosis we observed is adequate to s 
contradict previous data showing that ^ overexpression 
does not cause apoptosis by itself.? 8 Furthermore,, we do 
not believe that this small decrease in the growth rate will 
have significant therapeutic ppteritial by itself. However, 
our data support the bypothesis that bax acts to sensitize 
cells to apoptosis-inducing stimuli. 
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' Fig. 4. Bar graph showing quantitative ass^mem of the preva- 
lence of TUNEL-positive ceils following treatment witfrOJS jiM or ■ 
I p.M ara-C. The percentage of TUNEL-positive cellswas deter- 
mined for three separate high-power Melds, and an average ± SD 
was determined. A significantly increased percentage of TUNEL- 
positive cells was seen in the.C6.Bax.7 cells compared with the 
C6.pcDNA3.10 line at both doses (p < 0.008, two-tailed Student's 
t-test). A small But statistically significant increase in ihe percent- 
age of TUNEL-positive cells was also seen in' the untreated (con-; 
trol) C6.Bax.7 cells (p = 0.038, Wo-tailed, Student's ;t£testJjT 

- . " '\: ■' "" :.-?■>'■ ' 

• ■ • *i '< . 

Treatment of glioma cells overexpressing £>ar resulted 
: in a profound disruption of growth that lasted for many 
" days. We did hot observe a large increase in spontaneous 
apoptosis during this time interval, which was one possi- 
ble hypothesis to account for the lack 6f growth after treat- 
ment with ara-C had ended. Our attempts to characterize 
the cell cycle by means of FACS analysis during this time 
interval revealed a highly disturbed pattern that could not 
be easily defined because statistically significant peaks 
were absent Initial reports characterizing the effects of 
members of the bcl-2 gene family on the cell cycle indi- 
cate that overexpression of bcl-2 tends to slow the cell 
cycle 6,26 and overexpression of box tends to speed it up or 
reverse the cell cycle-slowing effect of bcl-2 w A more 
detailed analysis of the effect of protracted treatment with 
ara-C on glioma cells overexpressing baxis in progress. 

Many new antitumoral therapies have focused on 
mechanisms of inducing apoptosis. Strategies have in- 
cluded, increasing the expression of functional p53, over- ' 
expression of tumor necrosis factor-d, overexpression of - u 
p2i wuqpi >an j overexpression of interleukin-i Peon vert- 
ing enzyrne. 3 - 1116 ^- 40 Protein kinase C inhibitors also cause 
apoptosis in gliomas. 12 * 14 The importance of apoptosis in 
mediating cell death from a potential antitumoral therapy 
"in gliomas was noted by Weller, et ah; 39 Who showed that 
overexpression of bcl-2 . prevented Fas/APO-l ; antK 
body-mediated apoptosis. Also, manipulation of p53 
expression may serve to increase box expression because 
p53 is a transcriptional activator of box. 11 Hence, activa- 
tion of specific signal transduction cascades or DNA tran- 
scriptional elements may result in altered levels of expres- 
sion of members of the bcl-2 gene family* which may 
enhance sensitivity to apoptosis-inducing stimuli, which 
include chemotherapeutic agents and ionizing radiation. 
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.•Fig. 5.< Graph showing growth curve assay .of G6.pcDNA3. 10 
and C6.Bax.7 cells after treatment with 0.5 m-M aira-C. Each time 
point represents an average ± SD of three wells and is normalized 
to a point determined at the initiation pf treatment (0 hour). Cells 
were treated with ara-C for 72 hours (bar under xatis)i^wih was 
assayed, and the drug was washed out and replaced WiiuY normal 
medium. Growth was determined at 48-hour intervals thereafter. 
Growth of the C6.Bax.7 cells was severely impaired oyer the 6 
days after washout of the drug, despite regular, replacement with , 
fresh medium. ., . . a . , . . 



However, the association between the level of expression 
of members of the bcl-2 gene family and response to ^ther- 
apy or outcome in gliomas remains to be determined/ 

. • 'r-; Conclusions' ^ <•«'••' -i 4 - ; - *- - 

In summary, pveiixpresstpn of bax jn ,the rat glioma 
cell line C6 results in slowing |pf the rate ^ 
dramatic increase iti, semsi^vij^/tb, TTiese findings 
demonstrate that, merging tfie" level pf^X jr^(^ glio- 
ma cells, results in an increased sensitivity to apdptosis- 
inducing agents and indicate that direct manipulation of 
the level of expression of members of the ^c/-2 gene fam- 
ily may be a useful strategy for the treatment of primary 
brain-tumors/ ; , Viv _ , ^■^-.~4^-- 
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In vivo gene transfer of recombinant El-deficient adenoviruses results 
in early and late viral gene expression that elicits a host immune 
response, limiting the duration of transgene expression and the use of 

adenoviruses for gene therapy. The prokaryotic Cre - lox P 
recombination system was adapted to generate recombinant adenoviruses 
with extended deletions in the viral genome (referred to here as deleted 
viruses) in order to minimize expression of immunogenic and/or cytotoxic 
viral proteins. As an example, an adenovirus with a 25-kb deletion that 
lacked El, E2, E3, and late gene expression with viral titers similar to 
those achieved with first-generation vectors and less than 0.5% 
contamination with El-deficient virus was produced. Gene transfer was 
similar in HeLa cells, mouse hepatoma cells, and primary mouse hepatocytes 
in vitro and in vivo as determined by measuring reporter gene expression 
and DNA transfer. However, transgene expression and deleted viral DNA 
concentrations were not stable and declined to undetectable levels much 
more rapidly than those found for first-generation vectors. Intravenous 
administration of deleted vectors in mice resulted in no hepatocellular 
injury relative to that seen with first-generation vectors. The mechanism 
for stability of first-generation adenovirus vectors (Ela deleted) 
appeared to be linked in part to their ability to replicate in transduced 
cells in vivo and in vitro. Furthermore ,~ the deleted vectors were 
stabilized in the presence of undeleted first-generation adenovirus 
vectors. These results have important consequences for the development of 
these and other nonintegrating vectors for gene therapy. 
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Site-Specific Recombination Mediated by an Adenovirus Vector 
Expressing the Cre Recombinase Protein: a Molecular 
Switch for Control of Gens Expression 
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We have constructed replication-defective human adenovirus (Ad) type 5 vectors containing the gene for the 
Cre recombinase from bacteriophage PI under control of the human cytomegalovirus immediate-early pro- 
moter (Ad Cre). Expression of the protein was detected in replication-permissive (293) and in nonpermissive 
(MRC5) cell lines, and its biochemical activity was demonstrated in a cell-free recombination assay using a 
plasmid containing two loxP sites. To study Cre-mediated recombination in an intracellular system, we 
constructed an Ad vector (AdMA19) containing the luciferase cDNA under control of the human cytomega- 
lovirus promoter but separated from it by an extraneous spacer sequence flanked by loxP sites which blocked 
luciferase expression. Upon coinfection of 293 or MRC5 cells with AdMA19 and AdCre, luciferase expression 
was specifically induced by Cre-mediated excision of the intervening sequence. The use of Ad vectors combined 
with the Cre-tarP system for regulation of gene expression and other possible applications is discussed. 



Site-specific recombination systems have recently gained at- 
tention for the control of gene expression in eukaryotic cells 
(40-42) and in animals (3, 18, 19, 27, 31, 33, 39). Extensive use 
has been made of the Cxq-IoxP system of bacteriophage PI, 
which requires only two well-characterized components: the 
38-kDa recombinase protein, Cre, and the 34-bp loxP target 
sequence (1, 22, 23, 25). Cre binds to the two 13-bp inverted 
repeats of loxP and catalyzes precise recombination between 
the asymmetric B-bp core regions of two loxP sites (24, 25). 
Recombination between two parallel sites, as defined by the 
core region, results in excision of intervening sequences, pro- 
ducing two recombination products each containing one loxP 
site (2, 25), whereas recombination between antiparallel sites 
inverts the bracketed fragment. InternMlecular recombination 
between loxP sites on separate plasmids results in integration 
of sequences bracketed by loxP sites. The Crc-loxP system has 
been shown to function in both bacteria and eukaryotic cells (2, 
25, 38, 40-42, 44) and has been exploited for the excision (19, 
27, 31, 38, 40, 41) and the integration of fragments is cellular 
and viral genomes (12, 32, 42, 43). The use of Cre in cell-free 
systems for construction of recombinant vectors has also been 
reported (13, 43). Lastly, Cre-ZatP-based recombination has 
been used successfully for tissue-specific gene expression or 
deletion in transgenic mice <3, 1(3, 18, 27, 31, 33, 39). In the 
latter cases, the recombinase was delivered by transfection (10, 
18, 19) or microinjection (3, 27, 31) of Cre-encoding plasmids 
into embryonic stem cells or fertilized eggs. 

For the applications described above, it would be useful to 
have methods for the efficient delivery of the Cre recombinase 
protein to a large number of cells of different origins. Human 
adenovirus (Ad) vectors could provide such a vehicle, as they 
have been used extensively for heterologous gene expression in 
mammalian cells (4, 14, 15) and have attracted considerable 
attention^a^ potential recombinant vaccines (14, 15, 34) and for 
use in gene therapy (8, 28, 35, 45, 48). Ad vectors have a 
number of properties that render them particularly suited for 
these and other applications. The 36-kbp double-stranded 
DNA genome is relatively easy to manipulate with recombi- 
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nant DNA techniques (14), helper-independent vectors can 
accommodate up to 8 kbp of foreign DNA, depending on the 
system chosen (5), and Ad virions are physically and geneti- 
cally stable if the vectors are constructed and propagated ap- 
propriately (6). Viruses with a deletion of El can be propa- 
gated on 293 cells (16) and can infect other human cell lines 
but are defective for replication. Ad type 5 (Ad5) can be grown 
to high titers and can infect a wide variety of tissues, such as 
epithelial and endothelial cells, fibroblasts, stromal cells, and 
hepatocytes of different species. Moreover, Ad can infect qui- 
escent as well as replicating cells and express proteins therein. 

In this report, we describe the construction and use of Ad 
vectors in which the Cre protein is expressed under control of 
the huma n cytomegalovirus (HCMV) immeqMate-early pro- 
moter (AdCre) and provide evidence for the intracellular ac- 
tion of Cre expressed from these vectors. We also demonstrate 
that the system can be used to induce expression of a reporter 
gene by coinfection of cells with two Ad vectors, one carrying 
the luciferase gene (Luc) under the control of a molecular switch 
that can be turned on by the second vector expressing Cre. 



MATERIALS AND METHODS 

Construction of recombinant plasmids. Enzymes used for the manipulation of 
recombinant DNA and molecular weight standards were purchased from Boehr- 
inger Mannheim, Inc. (Laval, Quebec, Canada), Pharmacia (Baie d'Urfe, Que- 
bec, Canada), New England Biolabs (Mississauga, Ontario, Canada), GIBCO 
Laboratories (Grand Island, N.Y.), or Bethesda Research Laboratories (Burl- 
ington,, Ontario, Canada) and used according to the suppliers' recommendations. 
Plasmids were constructed by using standard protocols (37). The Magic PGR or 
Wizard PCR prep kit was used for the isolation of DNA fragments from low- or 
high-melttng-potnt agarose gels, respectively. Plasmid DNA was prepared by the 
alkaline lysis method (7) and further purified by CsCl density gradient centrif- 
ugation (37) where necessary. Transformation of plasmid DNA into Escherichia 
cpii DH5a {endAl hsdRl7 {r K - m K ~) supE44 thi-1 recAI gyrA (Nal r ) relAl 
tylacZYA-argF)U169 [$8Qdfac&(iacZ)M15]} was performed by the Caa 2 
method (37). 

OUgonucieotides were purchased from Tte Central Facility of the Institute for 
Molecular Biology and Biotechnology, McMaster University, Hamilton, Ontario, 
Canada. A synthetical loxP site with compatible Bam\\\ sticky ends, and restric- 
tion sites for EcoBl and Seal, was obtained by annealing equimolar amounts of 
two single-stranded oligonucleotides: 5'-GAT CCA ATA ACT TCG TAT AGC 
ATA CAT TAT ACG AAG TTA T AA GTA CTG AAT TCG-3' and 5' -GAT 
CCG AAT T CA GTA CT T ATA ACT TCG TAT AAT GTA TGC TAT ACG 
AAG TTA TTG-3'. (The diagnostic Seal site, next to the £coRI site, is under- 
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lined.) The double-stranded oligonucleotide was 5' phosphorylated by T4 
polynucleotide kinase. 

The 5 '-.CTC-CAT AGA AGA-CAC CGG G A-3 ' primer represents the- 3' end 
of the HCMV immediate-early promoter and was used for sequencing and in 
PCR amplification. The second primer for the PCR, 5' -AGA GGA TAG AAT 
GGC GCC GGG OCT T-3', binds to the Juciferase open reading frame (ORF) 
from nucleotides 49 to 25. The 5' -CGG ATC CG-3' oligonucleotide was used to 
link /torn HI sites to blunt-ended fragments. 

Cells and viruses. Cell culture media and reagents were purchased from 
GIBCO. 293 cells were used for growth and titration of Ad vectors as described 
previously (14, 20). MRC5 cells were grown in alpha minimal essential medium 
supplemented with J 00 U of penjcillio per ml JOOug of jstreptorrjycjrj per ml 2.5 
of amphotericin per ml, and 10% fetal bovine serum for cell maintenance or 
5% horse serum for infection. 

Construction and growth of recombinant viruses. Recombinant viruses were 
obtained by cotransfection (14, 17) of 293 cells with the appropriate plasmids as 
indicated in Results. Plaques were isolated after approximately 14 days and 
expanded in 293 cells. Viral DNA was analyzed by restriction enzyme digestion 
as described previously (14). All viruses were plaque purified and reanalyzed 
prior to preparation of large-scale stocks. 

Western blots (immunoblots). Proteins were extracted by incubating infected 
cells with radioimmunoprecipitation assay butter (30) for 30 min on ice." Solutions 
were then cleared of DNA by centrifugation, and aliquots of the supernatants 
were used for protein separation by sodium dodecyl sulfate (SDS)-polyacryl- 
amide gel electrophoresis as described by Laemmli (26). Protein transfer from 
SDS-10% polyacrylamide gels to Millipore Immobilon P poryvinylidene difluo- 
ride membranes (Millipore, Mississauga, Ontario, Canada) was performed at 30 
V overnight, using a Bio-Rad transblbl cell (Bio-Rad laboratories, Richmond, 
Calif.). Western blotting was carried out as described by Towbin et al. (46), using 
a polyclonal Cre-specific antibody (38) at a dilution of 1:2,500 in Tris-buffered 
skim milk powder (5%) and a mouse anti-rabbit immunoglobulin G coupled lo 
horseradish peroxidase (Pierce, Rockford, 111.) as the secondary antibody at a 
dilution of 1:3,333 in Tris-buffered skim milk powder (5%). The horseradish 
peroxidase reaction was monitored by using the enhanced cbcrnilurriincsccnce 
reagents for Western blots from Amersham (Oakville, Ontario, Canada) and 
Kodak XAR5 (Eastman Kodak Company, Rochester, N.Y.) films. 

Southern blot analysis. Restricted plasmid DNA was separated on a 0.8% 
agarose gel and transferred to a Hybond N membrane (Amersham) as described 
by Sambrook et aL (37). An enhanced chemiluminescence random prime label- 
ing and detection - kit (Amersham) was used to label a plasmid DNA probe as 
recommended by the manufacturer. Hybridization was carried out at 60°C over- 
night in a Techne HB-1 Hybridiser (Techne Inc., Cambridge, England). High- 
stringency washes were twiee with IX SSC (0.15 M NaCl, 0.015 M sodium 
citrate>-0.1% SDS at 60°C for 10 min and twice with 0.5 X SSC-0.1% SDS at 
60°C for 10 min. 

Preparation of cellular extracts lor Cre assay. 293 cells (2 X 10 7 ) were 
infected with the indicated viruses at a multiplicity of infection (MOI) ranging 
from 2.5 to 10 PFU per cell. Eighteen hours postinfection cells were harvested by 
scraping and centrifuged at 300 x g for 10 min at 4°C. Cell pellets were washed 
once iri 500 ui of 20 mM Tris-HG (pH 7.5)-300 mM NaQ and resusperided in 
500 ixl of Cre storage buffer (50% glycerol, 20 mM Tris-HCl [pH 7.5], 300 mM 
NaQ, 1 mM EDTA [pH 7.5]). Extracts were sonicated four times for 30 s, using 
a Biosonik III sonicator (Bronwill Scientific, Rochester, N.Y.), and cellular 
debris was removed by centrifugation at 300 x g for 10 min at 5°C. The super- 
natant was removed and used directly for in vitro Cre assays or stored at - 20°C 

Cre assay. Assays for Cre function were carried out as described by Abremski 
and Hoess (1) and Sauer et al. (43), with the following modifications. Fifty- 
mjeroliter aliquots of cellular extracts, prepared as described above, were mixed 
with 1 mM phenylmethylsulfonyl fluoride and 1 mM aprotinin. Tris-HCl (pH 
7.5), MgCl 2 > ^d acetylated bovine serum albumin were added to final concen- 
trations of 50 mM, 10 mM, and 100 jig/ml, respectively. Cre assays were started 
by addition of plasmid DNA, and the mixtures were incubated for 30 min at 37°C. 
The reaction was stopped by phenol extraction followed by chloroform extraction 
and ethanol precipitation. The plasmid DNA was resuspended in 50 \i\ of 
Tris-EDTA buffer, and typically 1 ug of plasmid DNA was used for agarose gel 
electrophoresis. RNase A treatment was performed during digestion of the 
plasmids with appropriate restriction engines. Digestions were terminated by a 
pronase treatment (0.5 mg/ml) for 5 min at room temperature. 

Luciferase assay. Luciferase assays were carried out as described previously 
(30). 

RESULTS 

Construction of recombinant adenoviruses expressing the 
Cre protein. The 3,439-bp Hindlll fragment of pBS185 (42) 
containing the HCMV immediate-early gene promoter, the cre 
ORF, and the metallothionein-I poryadenylation signal was 
cloned into, the /YmdIII site.of.the shuttle. plasmid pAElsplA 
(5). The resulting plasmids, pMAl and pMA2 (Fig. 1), contain 
the left end of the Ad5 genome with the El region replaced by 
the Cre expression cassette in the left-to-right (pMAl) or re- 
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FIG. 1. Construction of Cre-expressing plasmids and viruses. pMAl and 
pMA2 were constructed by inserting the Hindlll fragment of pBS185 containing 
the cre ORF (Cre) under control of the HCMV immediate-early promoter 
(hCMV) and the metallothionein-I polyadenylation signal [MT-I(A)nj into the 
unique Hindlll site (H) of pAElsplA AdCrel and AdCre2 were derived by 
cotransfection of pMAl and pMA2, respeetrvery.-with pJM17 into 293 celis. Hiin 
lines represent plasmid sequences; solid bars represent Ad sequences. Plasmid 
sizes and the left end of each virus are drawn approximately to scale, rau, map 
units. 



verse (pMA2) orientation relative to the Ad genome. These 
plasmids were cotransfected with pJM17 (29) into 293 cells to 
obtain the recombinant adenoviruses AdCrel and AdCre2 by 
homologous recombination (Fig. 1). 

Expression of Cre from recombinant adenoviruses. Produc- 
tion of the Cre protein by AdCre-infected cells was analyzed by 
Western blotting with a Cre-specific polyclonal antibody (38), 
In initial experiments, 293 cells were infected with AdCrel or 
wild-type Ad5 at an MOI of 20 or were mock infected and then 
were narvested at various times postinfection. Expression of 
the 38-kDa Cre protein was detectable as early as 6 h after 
infection with AdCrel and increased up to 24 h (Fig, 2). No 
further increase was seen at later times (e.g., 36 h), presumably 
as a result of the onset of cell lysis since 293 cells are permissive 
for replication of the El-deficient AdCrel vector. Cells in- 
fected with wild-type Ad5 or mock infected did not express the 
Cre protein t^t, contained .several proteins which -appeared to 
be nonspecifically stained by the polyclonal serum and which 
were also detected in AdCrel-infected samples. The 60-kDa 
species, detected only in infected cells, is likely to correspond 
to the virus fiber protein which is produced at high levels late 
in , infection. Since levels, of Cre, expression obtained with Ad- 
Crel and AdCre2 did not differ substantially (data not shown), 
AdCrel was chosen for further experiments. Expression of Cre 
protein was also detectable between 24 and 96 h postinfection 
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FIG. 2. Detection of Cre expression in 293 cells by Western blot analysis. 293 
cells were infected with either AdCre or wild-type (wt) AdS at an MOI of 20 or 
were mock infected and then were harvested for Western blot analysis at the 
indicated time points. Proteins were separated on an SDS-10% polyacrylamide 
gel, transferred to an Immobilon membrane, and detected by Cre-specific anti- 
bodies. Molecular weights are given on the left, the arrow on the right indicates 
the position of the 38-kDa Cre protein. 



in AdCrel-infected MRC5 cells (MOI of 50) but not in infec- 
tions with the El deletion virus Ack#70-3 (5) at the same MOI 
or in uninfected MRC5 cells (data not shown). 

Recombinant Ad vectors containing the Luc eDNA regu- 
lated by a recombination switch. To obtain a protein expres- 
sion system that could be regulated by Cre-catalyzed recombi- 
nation, we designed an expression cassette in which the Luc 
cDNA and the HCMV promoter were separated by a spacer 
region flanked by loxP sites that would prevent luciferase ex- 
pression unless the spacer was excised. As the recombination 
product wouJd stjIJ contain one loxP site between regulatory 
and coding sequences, we initially investigated whether inser- 
tion of loxP in this position would allow expression of lucif- 
erase. -Isolation of such a vector would also confirm that Ad5 
could tolerate the palindromic loxP sequence in addition to the 
terminal inverted repeats. Plasmid constructions started with 
pCA18 } which has the El region substituted with the HCMV 
immediate-early promoter and the firefly Luc gene (9) in the 
left-to-right orientation (2a). A synthetic loxP site flanked by 
itomHI-compatible ends was inserted into the unique BamHl 
site between the HCMY promoter and the Luc cDNA in such 
a way that no translational start codon was introduced in any 
reading frame upstream of the luciferase ATG (Fig. 3A). (If 
inserted in the opposite orientation, the loxP site adds ATGs in 
two reading frames.) The structure of the resulting plasmid, 
pMA9, was confirmed by digestion with EcoHl and Seal and by 
sequencing of the insert by using a primer binding in the 3' 
region of the HCMV promoter. pMA9 was used with pBHGlO 
(5) in cotransfection of 293 cells to obtain AdMA9 (Fig. 3 A). 
Our ability to rescue this virus, and its normal growth proper- 
ties (data not shown) ; demonstrate that a loxP site does not 
interfere with viral DNA replication. 

To generate a construct in which the HCMV promoter is 
separated from the luciferase ORF by a spacer region, we 
chose an unrelated sequence with translational start and stop 
codons in ail reading frames that should block luciferase ex- 
pression. We inserted the 1.3-kbp Scal-Smal fragment of 
jpBS64 (43) into pMA9 that had been linearized by partial 
digestion with Seal (Fig. 3A). The resulting plasmid, pMA19, 
contains two loxP sites in parallel orientation separated by 
pBS64 sequences which comprise sequences from pUC12, 
pBR322, and the SP6 promoter (Fig. 3B). pMA19 was used 
with pBHGlO to cotransfect 293 cells and obtain the vector 
AdMA19 (Fig. 3A). AdCA18-3 was obtained by cotransfection 
of 293 cells with pCA18 and pJM17 (2a). AdMA9, AdMA19, 
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FIG. 3. Construction of regulated reporter pJasmids and viruses. {A) pCA18 
contains the Luc cDNA under control of the HCMV immediate-early promoter. 
(A)n designates the SV40 polyadenylation signal. A synthetic hxP site was 
introduced between the promoter, and the Luc ORF of pCAl 8 so that there is no 
ATG between promoter and Luc cDNA, resulting in pMA9. The spacer region 
inserted to obtain pMA19 consists of a 1.3-kb plasmid DNA fragment from 
pBS64 containing a loxP site, preceded by start and stop codons in all reading 
frames. The recombinant Ad vector AdCA18-3 was obtained by cotransfection of 
pCA18 with pJM17 into 293 cells (2a). To obtain AdMA9 and AdMA19, pMA9 
and pMA19 f respectively, were cotransfected with pBHGlO (5) into 293 cells. 
Thin lines represent plasmid sequences; solid bars represent Ad sequences. The 
left ends of the resulting Ad vectors are shown in detail. B, Bam\U; H, ffindUl; 
S, Seal; Sm, Smal; X, XhoL Plasmid sizes are approximately drawn to scale. (B) 
Detail of the ZaxP-flanked spacer sequence inserted between promoter and Luc 
cDNA in pMA19 and AdMA19. Numbering begins at the transcription start 
(+1) from the HCMV promoter (11). Arrows indicate the luciferase translation 
start and possible translation starts in all reading frames in the spacer derived 
from pBS64. Only the first ATG in each reading frame preceded by a purine at 
the -3 position and the corresponding stop codon in the same frame are shown. 
Relevant restriction sites are given. loxP sequences are boxed 
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and AdCA18-3 were further plaque purified before viral stocks 
were prepared as described previously (20). 

Biochemical activity of Cre protein expressed from AdCrel. 
The biochemical activity of the Ad-encoded Cre protein was 
first determined in a cell-free assay. Uninfected 293 cells or 293 
cells infected with AdCrel or ArM70-3 at an MOI of 10 were 
harvested 18 h postinfection, and cell extracts were prepared 
by sonication as described in Materials and Methods. AJiquots 
of 50 |xl were incubated with assay buffer and 1 jxg of pMA9 or 
pMA19 at 37°C for 30 min. After phenol and chloroform 
extractions, samples were digested with Hindlll and analyzed 
on an 0.8% agarose gel. Hindlll digestion of pMA19 DNA that 
had been incubated with extracts from mock- or Add/70-3- 
infected cells generated a 7.9-kbp band and a 1.8-kbp band 
(Fig. 4). In contrast, when pMA19 was first incubated with 
extracts from AdCrel-infected 293 cells, Hindlll digestion re- 
sulted in two novel bands of 8.4 and 1.3 kbp (Fig. 4B). These 
sizes correspond to those expected for the linearized forms of 
the two circular products of recombination: pMA9' (identical 
to pMA9 except for 18 bp due to the cloning procedure) and a 
second corresponding to the excised spacer (Fig. 4A). Hindlll 
digestion of the control plasmid pMA9 yielded a single linear 
fragment of 8.4 kbp, irrespective of the extract used for incu- 
bation (Fig. 4), since pMA9 contains only one loxP site, which 
does not allow intramolecular recombination. We estimated 
the Cre-specific efficiency of recombination to be approxi- 
mately 50%, as judged by the relative intensities of the bands 
in Fig. 4B. The fragment of Ml kbp present only in the 
Cre-treated sample of pMA19 may represent a Holliday struc- 
ture (x) formed as an intermediate of recombination, x and a 
structures, derived from Cre mutants, have been observed pre- 
viously (21) as bands migrating with reduced electrophoretic 
mobility relative to the unrecombined, digested form of the 
plasmid. It is possible that sonication or storage of the extract 
had functionally altered the Cre enzyme, but production of a 
protein with altered activity in AdCrel-infected cells cannot be 
ruled out. 

Cre-dependent induction of luciferase expression. The ex- 
pression of firefly luciferase from the recombinant Ad vectors 
AdCA18-3, AdMA9, and AdMA19 was measured biochemi- 
cally by emission of light as described previously (30). Infection 
of 293 cells with AdCA18-3 (no loxP) or AdMA9 (one loxP) at 
an MOI of 5 and preparation of cell extracts 24 h postinfection 
resulted in a luciferase activity of 0.84 ± 0.14 (AdCA18-3) or 
0.61 ± 0.03 (AdMA9) u-g/10 6 cells, demonstrating that a single 
loxP site inserted between the HCMV promoter and the trans- 
lation start for Luc did not significantly alter expression of the 
gene. In a separate experiment, when 293 cells were infected 
with AdMA9 at an MOI of 10, luciferase activity of about 1.3 
lxg/10 6 cells was detected after 24 h (Table 1). In contrast, only 
a low level of activity (20 ng/10 6 cells) was obtained from 
AdMA19-infected cells, indicating that expression of luciferase 
from this virus was effectively suppressed by the spacer DNA 
interposed between the promoter and ATG of the reporter 
gene. To assess the ability of Cre protein produced from Ad- 
Crel to act on teP-containing Ad vectors, 293 cells were 
doubly infected with AdCrel and AdMA9 or AdCrel and 
AdMA19 at various MOIs and harvested after 24 h. AdCrel 
had no significant effect on the activity of luciferase expressed 
from AdMA9 (Table 1). However, upon double infection with 
AdCrel and AdMA19, Juciferase activity was switched on, and 
depending on the MOI, levels of activity from 0.6 to 2.9 u.g/10 6 
cells were obtained (Table 1). Induction of luciferase activity 
suggested that the /cteP-flanked spacer, between the HCMV 
promoter and the luciferase ORF, had been excised. 

AdCrel -specific recombination, measured as induction of 
luciferase expression, was also detected in double infections of 




FIG. 4. Id vitro recombination assay with pMA9 and pMA19. (A) The ex- 
pected products after incubation of pMA19 with Cre protein are shown. The 
product of Crc-mcdiatcd recombination of pMA19, indicated as pMA9', should 
be identical to the structure of pMA9 except for an additional 12 bp derived from 
cloning. Open arrowheads represent loxP sites. The lightly stippled bar repre- 
sents the spacer region derived from pBS64, inserted into pMA19 and the 
expected circular molecule resulting from excision. fftndlll restriction sites (H) 
and fragment sizes are shown. For further details, see the legend to Fig. 3. (B) 
One microgram of plasmid DNA was incubated with crude extracts prepared 
from cells infected 18 h previously with viruses indicated at the top. Molecular 
sizes (in kilobases) are given on the left margin, and the sizes (in kilobases) of 
unrecombined and recombined bands are given on the right. Arrows indicate the 
recombination products of Cre-treated pMA19, as predicted from recombination 
events shown in panel A 
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TABLE 1. Cre-dependent luciferase expression in infected 293 cells 

None (mock infection) 0 

AdCrel (1) 0 

AdCrel (5) 0 

AdCrel (10) 0 

AdMA9(10) 1.3 ±0.07 

AdCrel (1) + AdMA9 (10) 1.7 ± 0.4 

AdCrel (5) + AdMA9 (10) 1.2 ± 05 

AdCrel (10) + AdMA9 (10) 1.0 ± 0.1 

AdMA19 (10) 0.02 ± 0.01 

AdCrel (1) + AdMA19 (10) 0:6 ± 0:2 

AdCrel (5) + AdMA19 (10) 1.8 ± 0.3 

AdCrel (10) + AdMA19 (10) 2.9 ± 0.4 

a 293 cells were singly or doubly infected with viruses as indicated in a total 
volume of 200 pJ for each 60-mm-diameter dish and harvested 24 h postinfection 
as described previously (30). 

b Mean values and standard deviations were obtained from two independent 
experiments with two dishes for each sample. 



the nonpermissive cell line MRC5 (Table 2). No luciferase 
activity was observed in cells infected with AdCrel or Adrf/70-3 
or when cells were mock infected. As was the case with 293 
cells, expression of Cre did not alter the luciferase activity 
produced by infection with AdMA9, but mixed infections with 
AdMAl9 and AdCrel increased luciferase expression from a 
background activity of 2 ng/10 6 cells to 0.6 or 1.6 fxg/10 6 cells. 
Double infections with AaW/70-3 and AdMA19, which did not 
result in increased luciferase activity, confirmed that the induc- 
tion was dependent on the recombining activity of Cre ex- 
pressed from AdCrel. Although MRC5 cells were infected at 
a higher MOI than 293 cells and harvested after longer times, 
they expressed lower luciferase activity than infected 293 cells, 
even at the highest MOI tested. This finding was consistent 
with the results of Western blotting, which indicated that Cre 
was produced at lower amounts in MRC5 than in 293 ceils 
(data not shown). 

The background activity of luciferase observed after infec- 
tion of 293 or MRC5 cells with AdMA19 alone could be due to 
spontaneous homologous recombination between the loxP 
sites, resulting in excision of the spacer in a small fraction of 



TABLE 2. Cre-dependent luciferase expression in infected 
* MRC5 cells 

None (mock infection) 0 

AdCrel (5) 0 

AdCrel (25) 0 

AdMA9(25) 2.3 ± 0.3 

AdCrel (5) + AdMA9 (25) 1.5 ± 0.9 

AdCrel (25) + AdMA9 (25) > 2A ± 1,0 

AdMA19 (25) 0.002 ± 0.001 

AdCrel (5) + AdMA19 (25) 0.6 ± 0.1 

AdCrel (25) + AdMA19 (25) 1.6 ± 0.2 

AdrfHO-3 (5) 0 

AoVtf70-3 (25) 0 

Ad^70-3 (5) + AdMA9 (25) 1.8 

AddHO-3 (25) + AdMA9 (25) 2.4 ± 0.03 

AcM70,3 <5) + AdMA19 (25) 0.003 ± 0.0007 

Ad<*/70-3 (25) + AdMA19 (25) 0.002 ± 0.0005 

a MRC5 cells were singly or doubly infected with the viruses as indicated in a 
total volume of 200 p.1 for each 60-mm-diameter dish for 30 min at 37°C. Cells 
were harvested and extracts were prepared 72 h postinfection. 

* Mean values and standard deviations were obtained from two independent 
experiments with two dishes for each sample. 



viruses. To examine this possibility, we performed PCR anal- 
yses that would allow detection of recombined viruses. Ampli- 
fication of parental AdMA19 DNA by using primers binding to 
the HCMV promoter and the Luc cDNA (see Materials and 
Methods) should result in a fragment *&L5 kbp, whereas 
amplification of AdMA19 viral DNA, from which the 1.3-kbp 
spacer had been excised by spontaneous or Cre-mediated re- 
combination, should yield a 182-bp fragment derived from the 
excised spacer. In addition to the 1.5-kbp fragment, a faint 
band of ^180 bp was detected after amplification of AdMAl-9 
viral DNA (data not shown), in support of our hypothesis that 
spontaneous excision may have occurred in a small subpopu- 
lation of AdMA19 virions. 

Direct demonstration that induction of luciferase activity in 
cells coirrfected with AdMA19 and AdCrel was due to Cre- 
specific excision of the 1.3-kbp /orP-flanked spacer in AdMA19 
was obtained by Southern blot analysis. Viral DNA was ex- 
tracted 24 h after double infection of 293 cells with AdMA19 
and AdCrel (both at an MOI of 5) and digested with Hindlll. 
Southern hybridization was carried out by using as a probe the 
2.9-kbp Scal-Xhol fragment of pMA19 containing Luc cDNA 
and the spacer segment derived from pBS64 (Fig. 3A), Unre- 
combined AdMA19 is represented by the 1.9- and 1.8-kbp 
bands (from the left end of the virus) obtained after double 
infection of cells with AdMA19 and Ack#70-3 or after mock 
infection (Fig. 5). Upon coinfection with AdCrel, the virus- 
encoded enzyme should mediate recombination, resulting in 
excision of a 1.3-kbp circle from the viral genome (indicated in 
Fig. 5A as a 1.3-kbp miniplasmid), leaving behind a 2.4 kbp 
Hindlll fragment. All of the predicted fragments were de- 
tected by Southern hybridization (Fig. 5B). From visual com- 
parison, of the intensity of the 2.4 kbp band with that of the 1. o'- 
er 1.9-kbp fragment, we estimate that approximately 50% of 
the AdMA19 viral DNA had undergone recombination under 
the experimental conditions used (Fig. 5B). Underrepresenta- 
tion of the 1.3-kbp fragment is due to the fact that the excised 
miniplasmid does not replicate, in contrast to the viral vector. 
Thus, the relative intensity of this band does not reflect the 
efficiency of the recombination process. The faint bands of 3.1 
and 3.4 kbp represent viral DNA fragments and are detected 
because of contamination of the probe with viral DNA se- 
quences from pMA19, from which the probe was derived. 
Since no unexpected fragments were generated in this in vivo 
assay, we assume that the Cre protein is produced correctly in 
AdCrel-infected cells and that the presence of the 11-kbp 
band, seen in the in vitro assay (Fig. 4B), was likely due to 
functional alteration of the Cre enzyme for technical reasons. 

DISCUSSION 

As mentioned in the introduction, delivery of genes by 
means of Ad-based vectors is highly efficient and applicable to 
a wide variety of cell types, both in culture and in vivo. Com- 
bining the Crt-loxP site-specific recombination system with Ad 
vectors could therefore provide a powerful new tool for induc- 
ing DNA rearrangements and regulating gene expression both 
in cultured cells and in transgenic animals that contain loxP 
sites engineered in their genomes. As a first step in exploring 
this approach, we have constructed an El-deleted vector, AcU 
Crel, containing the coding sequences for Cre under the con- 
trol of the HCMV immediate-early gene promoter, and a sec- 
ond vector, AdMA19, containing a reporter gene whose 
expression was regulated by Cre-mediated recombination. We 
were able to demonstrate the production of the Cre protein in 
two different AdCrel-infected cell lines: replication-permissive 
293 cells and nonpermissive MRC5 cells. Functionality of the 
Cre protein produced in Ad vector-infected cells was demon- 
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FIG. 5. Detection of Cre-specific recombination of AdMA19 in vivo. (A) The 
expected recombination products derived from AdMA19 upon coin fee tion with 
AdCrel are shown. Solid bars represent viral sequences, and loxP sites are shown 
as open arrowheads. The spacer sequence blocking luciferase expression is 
shown as the stippled bar in AdMA19 and as the stippled circle generated by 
recombination. HindUI restriction sites (H), approximate sizes of the HbidlU 
fragments of the left end of AdMA19, the recombined virus, and the excised 
circle are indicated. (B) Viral DNA extracted from 293 cells doubly infected as 
indicated at the top was digested with HindlU. The Southern blot of separated 
DNA was probed with the 2.9-kb Scai-Xhoi fragment of pMA19 (see also Fig. 
3A). Molecular sizes (in kilobases) are given on the left, and the sizes of frag- 
ments derived from unrecombined and recombined viral DNA are indicated on 
the right. Arrowheads represent the recombination products of AdMA19, as 
predicted from recombination events shown in panel A. Only relevant restriction 
sites are shown. For more details, see the legend to Fig. 3. 



strated in several assays. Cellular extracts of AdCrel -infected 
cells specifically mediated recombination of a plasmid contain- 
ing two loxP sites, resulting in precise excision of sequences 
flanked by them. Double infections with AdCrel and AdMA19 
revealed- the recombinatory function, of virus-produced- Cre 
protein on a second Ad vector, as excision of the toxP-flanked 
stop sequence was shown by Southern hybridization and, more 
important, by specific induction of luciferase expression from 
the recombined AdMA19. The luciferase assays also indicated 



that the expression of the reporter gene in AdMA19 could be 
efficiently blocked by the presence of the /acP-flanked spacer. 
We have therefore demonstrated that a system consisting of 
two Ad vectors, one expressing the Cre protein the other 
containing a suitably silenced reporter gene, can be used to 
switch on gene expression in a very specific and efficient man- 
ner. 

Under the experimental conditions chosen, we estimated 
that approximately 50% of AdMA19 viral DNA had under- 
gone Cre-dependent recombination. It may be possible to im- 
prove on this efficiency by altering the relative MOIs or by 
staggering the infection times with the two viruses. As the 
virus-encoded Cre protein contains no nuclear localization sig- 
nal, addition of this sequence may enhance the efficiency of 
recombination by increasing the concentration of the protein 
in the nucleus. It is also possible that immediately after exci- 
sion of the 1.3-kb DNA spacer from AdMA19, the molecule is 
efficiently reinserted by Cre (reverse of the reaction dia- 
grammed in Fig. 5A), in which case there may be an upper 
limit to the fraction of AdMA19 genomes that can be resolved. 
We detected very low levels of luciferase activity in cells in- 
fected with AdMA19 alone and demonstrated that this prob- 
ably resulted from spontaneous, homologous recombination 
between the two toxP sites in the vector. Consistent with this 
" result, very low levels of Cre-independent recombination in 
teP-containing molecules have been reported (41). It also has 
been shown (36) that homologous sequences as short as 14 and 
56 bp can be substrates for spontaneous intramolecular recom- 
bination of simian virus 40 DNA in mammalian cells, albeit 
infrequently. If the spontaneous homologous recombination 
between loxP sites should present a problem, its frequency 
might be lowered by altering the sequence of one of the target 
sites to reduce the degree of homology, as has been described 
previously (22, 24). 

The system that we have developed might be exploited for 
the regulated expression of toxic gene products in cells or 
animals. Cellular or viral genes that currently cannot be ex- 
pressed at high levels because of the detrimental activities of 
their protein products could be efficiently delivered into many 
cells in a silent form and then turned on by infection with 
AdCre vectors. This system should allow production of toxic 
proteins at levels sufficient for their characterization and pu- 
rification. The combination of the Cre-ZorP and Ad vector 
systems may also be a particularly useful tool in experiments 
with transgenic animals in which timed and/or tissue-specific 
expression of genes is critical. Such studies could include tlte 
investigation of developmental processes involving proteins 
that are suspected of having different functions in embryogen- 
esis and in the adult and that are lethal if expressed in the 
embryo. Providing Cre protein by a recombinant Ad vector 
might also prove an easier and more efficient method for the 
characterization of transgenic mice with Cre-regulated genes 
than crosses with Cre-containing strains. Lastly, infection with 
AdCre could be used to knock out genes or gene fragments by 
site-specific excision of sequences previously flanked by loxP 
sites. This method would allow characterization of proteins 
with multiple functions and, more important, may overcome 
the lethality associated with complete knockout mutations 
since the knockout could be appropriately timed and could be 
induced in specific organs. 

In contrast to retroviruses and adeno-associated virus, which 
have been used or are being considered for gene therapy, 
adenoviruses integrate only rarely into the genomes of eukary- 
otic cells. There is evidence that Ad DNA can persist as ex- 
trachromosomal molecules (45), but nonreplicating Ad ge- 
nomes should eventually be lost from dividing cells. We are 
interested in exploring whether site-specific integration sys- 
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terns can be used to increase integration of viral DNA into the 
genomes of transduced cells. Toward this end, we have suc- 
cessfully used the AdCrel vector for the site-specific integra- 
tion of a /ox/ > -containing plasmid into the genomes of cultured 
human cells containing an engineered loxP site (47). AdCre 
may be similarly exploited to target integration of whole Ad 
genomes or of genes delivered by Ad vectors into chromo- 
somal loxP sites of target cells. 
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